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Abstract
Solid-state deuterium NMR spectroscopic parameters including the deuterium 
quadrupole coupling constant and asymmetry parameter are interpreted in both 
theoretical and experimental aspects. Ab initio molecular orbital calculations were 
performed on the alkali metal hydrides, toluene, thymine, acetic acid dimer, and 
phenylacetic acid molecules with different conformations. In the alkali metal hydrides, 
the electric field gradient at the hydrogen atom site was calculated in three model 
systems: terminal metal hydride, bridging metal hydride, and dihydrogen adducts. The 
effect of metal hydride geometry on the deuterium quadrupole coupling constant was 
examined. The results can be used in the assignment and interpretation of solid-state 
deuterium NMR spectra of metal-hydrogen bonds in organometallic complexes. In the 
carbon-bound deuterium system, the orientation of the C-^H bond vector in different 
conformers was varied with respect to either (or both, in the case of phenylacetic acid 
molecule) the phenyl ring or the carboxylic acid group. The correlation between the 
calculated NMR parameters and the conformational change was found, and fitted into 
Karplus-type equations. The deuterium quadrupole coupling constant obtained from 
ADLF spectroscopy and the torsion angles from X-ray structural data for substituted 
arylacetic acids were used to obtain the coefficient values in the Karplus-type 
equations. The application of the Karplus-type equation to measure the solid-state local 
structural effect in substituted arylacetic acids is discussed in detail.
XV
CHAPTER ONE
General Introduction
1
2Introduction
The primary objectives of the research presented in this dissertation are to obtain a 
detailed understanding of the solid-state nuclear magnetic resonance (NMR) parameters, 
including the quadrupole coupling constant and the asymmetry parameter, for deuterium 
nuclei in a variety of bonding situations in metal hydrides and to develop and apply the 
solid-state NMR spectroscopic method to the determination of the static structures of a 
series of substituted acetic acid compounds in the crystalline state.
Metal-hydrogen bonds are of great interest in organometallic chemistry because their 
structures can be quite varied.1 A large range of geometric variability usually appears in 
homogeneous transition metal complexes2 and on catalytic surfaces3 with different bonding 
modes, ranging from terminal to bridging and sometimes dihydrogen-addition.4
We have found that solid-state deuterium NMR spectroscopy is a valuable technique 
for the study of both structural and electronic features of metal-hydride bonds . The 
deuterium quadrupole coupling constant arises from the interaction between the deuteron 
nuclear electric quadrupole moment and the electric field gradient around the nuclear site. 
Since the electric field gradient is a sensitive function of molecular charge distribution in the 
close vicinity of the deuterium nucleus,5 a correlation exists between the bonding geometry 
and the electric field gradient. Through the electric field gradient calculated from an ab 
initio molecular orbital program for different model systems, the results of solid-state 
deuterium NMR experiments can be better inteipreted.
For a static aliphatic structure, where the electric field gradient tensor usually is 
axially symmetric for a deuteron bound to carbon and with the major axis of the tensor 
aligned along the C-^H  bond, the deuterium quadrupole coupling constant has a typical 
non-motionally averaged value of 173 kHz.6 Any reduction in the apparent quadrupole 
coupling constant observed in the high-field deuterium solid-state powder NMR 
experiments had been presumed to be caused by the reorientation of C-^H  bonds with
3respect to the applied magnetic field due to molecular motion.7 However, Hiyama et al. 
noted that the solid-state deuterium powder pattern of thyrame-methyl-dj  has an unusual 
asymmetry that can be traced to the exocyclic oxygen atom adjacent to the rapidly-rotating 
methyl group .8 This discovery showed that static structural effects are additive to 
dynamical averaging. As a result, this work led to a further study in our group of a series 
of substituted acetic acids. We found two distinct deuterium sites with different static 
quadrupole coupling constants at the deuterons of the methylene group in several 
substituted acetic acids; molecular orbital calculations for an acetic acid dimer also revealed 
that the deuterium quadrupole coupling constant and asymmetry parameter depend on the
torsion angle.9 Inequivalent sites in 0 ^ 2  units have also been 
observed in a-glycine,10-11 y-glycine,11 and succinic acid.12
The adiabatic demagnetization in the laboratory frame (ADLF) method has proven to 
be a useful technique in determining the static quadrupole coupling constant and asymmetry 
parameter at 77 K. Further development of this technique should yield an important tool in 
the study of molecular motion and structural elucidation for bulk and surface analysis.
1.1 Quadrupolar Interaction
For all nuclei with a nuclear spin quantum number greater than 1/2, there exists a 
nuclear electric quadrupole moment, eQ, due to the asymmetric distribution of nuclear 
charge. In the absence of an external magnetic field, the degeneracy of the nuclear spin 
states in a quadrupolar nucleus is lifted by the presence of the quadrupolar interaction. The 
nuclear quadrupolar interaction is defined as the interaction of the nuclear electric 
quadrupole moment with the electric field gradient, d^W ldA. The classical electrostatic 
interaction energy between a nucleus with nuclear charge density distribution p(r), in cgs 
unit of esu/cm^, and an electric potential V(r), in esu/cm, from electrons around the nucleus 
can be expressed as13*15
4IEe= p(r)V(r) dx. (1.1)
If we take the nuclear center of mass as the origin, the potential V(r) may be expanded in a 
Taylor series in any arbitrarily oriented Cartesian coordinate system,
V(r) = V ( 0 ) + X  Xa
06=1
3V1
a x a
+ J -  
•=0 2! X x«xpa, [3=1
32V
a x aaxp r= 0
+  . . . . , (1.2)
where Xa, Xp are over the coordinates of x, y, and z axes. 
The expansion of the electrostatic energy is
Ee=V (0) pdx +,/p*+S[s£L/x,p*+
= V(0 ) J  Pdx  +  X  VoI  X apdT X  Vap | XaXpprftr+ ..., (1.3)
3
2 ! ~  laX aSX pLoa,p=l L IXaXppdtr +
2 !
a,P=l
j x l
where Va = dV/dXa and Vap = 32y/3Xa3Xp. The first term is the Coulomb electrostatic 
energy due to a nucleus with point charge. The second term involves the nuclear electric 
dipole moment interacting with the electric field, Va , at the nuclear site. Provided that a 
definite parity exists in all nuclear states, then nuclei cannot have electric dipole moments 
because of the time reversal symmetry requirement for a nuclear wavefunctions.14 Even if 
the nuclear electric dipole moment did exist, their effect would not be observable because, 
at a nuclear site, the averaged electric field is usually close to zero; any electric field would 
exert a force determined by the product of the nuclear charge and the electric field to 
accelerate the nucleus to a region of zero electric field.
The third term is the nuclear electrical quadrupolar interaction energy term, E^. We
5introduce a quantity Qap, defined as
Q«p = I (3XaXp -  8a pr2)p(r) d t ,  (1 .4)
where the Kronecker function is defined as ^ap- 1  for oc=P and vanishes otherwise. The 
quadrupolar interaction energy term then becomes
ap
ap^apjVapQaP + V SaP| r2pd t (1 .5)
The most important feature in equation 1.5 is that both Vap and are quantities that can
be described by a symmetric three dimensional covariant tensor of second rank. If we
choose an appropriate coordinate system, all the above tensors may be converted to
diagonal form. The electric field gradient tensor, Va p, represented in the principal axis
system has only the three diagonal components, Vzz, V yy, and V ^ , where all of the off-
diagonal terms vanish. In addition, since it is assumed that electrons penetrating into the
2
nucleus can be ignored, V will satisfy Laplace's equation V V = 0. This makes the electric 
field gradient a traceless tensor with Wxx + Vyy + V2Z = 0. Thus all of the terms in the 
second half of equation 1.5 vanish, leaving the quadrupolar interaction energy term as
3
E e ^ X V a p Q a P  d-6)
ap
For a nucleus located at a site with at least cubic symmetry, Vxx = V yy = VZ2=0 and 
thus the value of is zero. An example where the quadrupolar interaction energy term is 
zero is a deuterium nucleus in solid sodium hydride which has a face-centered cubic crystal
6structure. The condition of cubic symmetry is also effectively satisfied in an isotropically 
tumbling molecule with a correlation time short compared to the inverse of the quadrupolar 
interaction energy term (expressed in frequency units), as in the case of the nitrogen-14 
nucleus in the ammonium ion in solution.
The charges in the nucleus precess rapidly about the nuclear spin axis which gives a 
cylindrical symmetry to the nuclear charge distribution function; thus, the time-averaged 
nuclear electric quadrupole moment tensor is also symmetric and traceless. Taking z as the 
symmetry axis, then we have Q;u.= = (-1/2)QZZ. In order to describe the energy
change upon nuclear reorientation with respect to an electric field gradient external to the 
nucleus, the scalar nuclear electric quadrupole moment, eQ, can be defined as the 
difference between the expectation values of the charge distribution for orientations parallel 
and transverse to the z axis. Classically the nuclear electric quadrupole moment can be 
expressed as
After replacing the classical p(r) in equation 1.7 by the quantum mechanical operator 
and applying it to equation 1 .6 , we have the quantum expression for the quadrupole 
Hamiltonian15
eQ = j 2(z2-x 2)p(r)dT =1 (2z2-x 2-y 2 )p(r)Jr (3z2- r2)p(r)dT. (1.7)
Hq 61(21-1) ( 1.8)
A
where I is the spin quantum number of the nuclear spin state and I is the spin angular 
momentum operator. Only one nuclear constant, eQ, is required here to represent the nine 
components of the original nuclear quadrupole tensor Qap.
71.2 Description of the Electric Field Gradient Tensor Elements and 
Asymmetry Parameter
The electric field gradient at the nucleus, arising from the electronic and nuclear 
charge distribution outside the nucleus, can be described by a symmetric traceless tensor 
with five independent components. The number of independent components is reduced 
from five to two after the electric field gradient tensor is transformed to the principal axis 
system. By convention, two parameters, eqzz and 77, are used to describe the electric 
field gradient tensor in the principal axis system and are defined as
with the axes labeled so that | V22 | Yxx |. The orientation of the principal axes of
the electric field gradient tensor is determined by the eigenvectors used for the 
diagonalization in the laboratory frame. By convention, the orientation is defined in a 
right-handed coordinate system.
In the principal axis system, we can then rewrite equation 1.8 in terms of the 
symbols eqzz and 77 as
« f e  =  v „ ,  »)= ' > s ~ ”  ( 0  £  TJ £  1 ) ,
vzz
(1.9)
( 1.10)
The magnitude of the electric field gradient is referred to as the quadrupole coupling
8constant, el qzzQ f h , and is usually given in frequency units. The asymmetry parameter is 
dimensionless, ranging in value from 0  to 1 , and is used to measure the departure of the 
field gradient from cylindrical symmetry. If the field gradient is axially symmetric, as in 
the case of m e th a n e -^ , with the symmetric environment around the bond connecting 
carbon to the deuterium nucleus, then = V , and we have an asymmetry parameter 
value of zero.
1.3 Measurement of the Deuterium Quadrupole Coupling Constant and 
Asymmetry Parameter
The smallest spin quantum number that exhibits a quadrupolar interaction is 1=1, as 
for deuterium, which gives a three-level energy system. We use the spin angular 
momentum matrix formalism for the 1=1 system:16
Thus a set of eigenvalues of equation 1.12 can be given for the energy levels Em as follows 
( see Figure 1.1)
^2  * 2 * 2 2and I = Ijc + Iy + Iz ; then the quadrupole Hamiltonian in the principal axis system, 
equation 1.10 , with 1 = 1, has the form of
(1.12)
(1.13)
9If a small Zeeman perturbation from an external magnetic field, Hq, is applied along 
the z axis of the principal axis system, the energy levels for E ± i will be shifted while Eq 
is unchanged, and the perturbed energy levels are
E o = -A , E tj ^A2772 + gSpN#o2 • (1-14)
where A = e 2qzzQ /2, g^ is the dimensionless Lande factor for deuterium, 0.857387, and 
Pn is the nuclear magneton, 5.0508xl0-24 erg/Gauss. The dependence o f the energy 
levels on the applied magnetic field strength is shown in Figure 1.2. At low magnetic field 
strengths, |gNpN^o| «|At]|; expansion of the square root indicates that each energy level 
shift depends quadratically on the applied field, whereas for very high magnetic field 
strengths, the shift becomes linear in the field. In the case of an asymmetry parameter of 
zero and a high magnetic field applied along the z' axis (differing from the z axis by an 
angle of 0 ), the first order quadrupolar energy levels have the general form17
= + (1.15)
with Em in ergs, Yn as the nuclear gyromagnetic ratio for deuterium, 4106.4 rad/s-Gauss, 
and ft as Planck's constant, 1.0546xl0~27 erg-s/rad.
For pure quadrupole resonance in this three-level system at zero applied magnetic 
field, the allowed transitions I ¥ ; )  ->  I'Fj) are those for which lil -  Ijl = 0, ±1. These 
transition frequencies are assigned as v_ and v+, corresponding to transitions between the 
levels 10) —> I -1 ) and 10) —> 1+1), and v0  for I -1) —> 1+1), and are given in Hertz as
v 1  = % 2 (3± ri), v „ = (v +- v 4  = ^ 2 »). (1.16)
10
Since the electric field gradient tensor is traceless, the quadrupolar interaction does 
not change the center of gravity of the spin system. Thus, only two of the three allowed 
transitions are needed to completely describe these energy states and the corresponding 
electric field gradient tensor elements. Experimentally, we measure the v_  and v + 
transitions and report the deuterium quadrupole coupling constant and asymmetry 
parameter according to the equations:
g~ T—  = | ( V+ + V-), 77 = ^ — (v+-v.). (1.17)
h 3  e2qzzQ
For the deuterium dipolar coupled system with two spin sites close to each other, it is
possible to detect the double transition quadrupole resonance in which a single radio-
frequency photon is absorbed with the simultaneous transition of two dipolar coupled
deuterons.5 ' 18 Interaction between the dipolar-coupled deuterium spin pairs results in a
complicated spectrum which is commonly observed in hydrates, 19 amines, 19’20 and in
intermolecular hydrogen bonded systems.21 Such double transition quadrupole resonance
is a powerful aid in the assignment of particular spectral lines to nuclei in particular 
19bcrystalline sites.
1.4 Calculation of Electric Field Gradients
At the nuclear site, the potential V(r) arises from the surrounding charges of both 
nuclei and electrons. For a unit point charge e that is located at a point (x,y,z) from the 
origin will produce an electric field gradient along the z axis at the origin,
„  _e ( 3z  2 - r  2) _e(3cos20 -  l)
22 -  <; ’ r 5 r 3
(1.18)
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where r  2 = x 2 + y 2 + z 2. Due to the —  dependence, charges close to the origin have
r 3
greatest effect on the electric field gradient. However, for an electron occupying a 
spherically symmetric orbital about the origin, such as an s-electron, the spatially-averaged 
electric field gradient contribution is zero at the origin. Hence, a p-electron will have a 
significant contribution to the electric field gradient at the nucleus provided that it is in an 
open shell. This makes deuterium a unique quadrupolar species since it has only a single 
Is electron in its ground state, so that the electric field gradient at a deuterium nuclear site is 
mainly due to the charges (nuclear and electronic) of neighboring atoms near the deuterium. 
In general, the major component of an electric field gradient tensor, eq2Z, is a sum of 
nuclear and electronic contributions, expressed in cgs units of esu/cm^ as
where e is the absolute value of the electronic charge, 4.80325xl0~10 esu/electron, the 
index n is over the other atoms in the molecule with nuclear charge Kn, and the index i is 
over the electrons of the molecule.22 Only the occupied molecular orbitals contribute to the 
electric field gradient;23 the absence of excited-state contributions makes the molecular 
orbital calculation of eqzz much easier than is the case for chemical shifts and scalar 
coupling constants which do involve excited states.24
For deuterium in a simple terminal C-^H  bond, the orientation of eqzz at a deuterium 
is aligned closely with the bond vector.5-22 The value of eqzz is roughly proportional to 
the product of C-^H bond distance to the inverse third power and the nuclear charge at the 
carbon atom to the first power.5 Since the vibrational force constant of a C-^H bond is 
also correlated with the C-^H  bond length, the force constant can be used to estimate the 
electric field gradient at the deuterium site.25 By comparing the deuterium quadrupole 
coupling constant for a C -^H  site with a reference compound and its C -^H  site, the
(1.19)
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relative charge on a carbon atom can also be determined.26
1.5 Theory of ADLF Spectroscopy
Adiabatic demagnetization in the laboratory frame (ADLF) spectroscopy is a useful 
technique to measure the nuclear quadrupole coupling constant and the asymmetry 
parameter of quadrupolar nuclei in the presence of another sensitive nuclear spin in the 
nearby region .6*27 In this method, the quadrupole transitions at zero field of the less 
abundant nuclei, such as deuterium, are detected by monitoring the recovered magnetization 
of the more sensitive or more abundant nuclei, such as protons, in high field after a field 
cycling process, where a level-crossing take place between these two nuclear spin states. 
We show the experimental cycle as a function of time together with the changes of energy 
levels for both proton and deuteron nuclear spin states in Figure 1.3, and describe it as 
follows: A sample containing both nuclei was first placed in the high field region (A) 
where an equilibrium magnetization of proton spin state has been established after a period 
on the order of T \,  the proton spin-lattice relaxation time. Then it was transported to the 
zero field region (B) where we applied a specific deuterium search frequency with known 
rf  energy to the sample for a short period on a time scale of the deuterium zero-field 
spin-lattice relaxation time. Then the sample was moved back to the high field region (C) 
where we used a pulse sequence to measure the proton recovered magnetization in the 
sample. If the time required for the sample to move in and out of zero field is short 
compared to T \,  there is no spin redistribution among the nuclear energy states, and it is 
therefore an adiabatic process. During the sample transport period a level crossing occurs 
between the proton and deuteron nuclear spin systems; the two spins systems exchange 
magnetization through thermal contact of the two nuclear energy states. When the search 
frequency irradiating the sample in zero field matches one of the deuterium zero-field 
quadrupole transition frequencies, the spin populations of the corresponding deuterium
13
energy levels become saturated due to the rf induced transition. As a consequence, when 
the second level-crossing takes place on going to high field, magnetization of the proton 
spin system will be transferred to the deuterium spin system, and the amount of 
magnetization remaining in the proton spin system is measured immediately after the 
sample is returned to the high field region. The field cycle process is repeated for each 
increment of search frequency irradiation in zero field.
A plot of the resulting spectrum for perdeuterated adamantane acquired at 77 K is 
shown in Figure 1.4. Two resolved peaks are centered at 129 and 130.5 kHz. A double 
transition frequency at 261 kHz (not shown) indicated that peak at 130.5 kHz may be 
assigned to the v+ transition of the secondary deuteron sites with an asymmetry parameter 
of 0.017. The transition involving tertiary deuterons is not resolved, possibly due to its low 
population relative to the methylene sites (12:4), but it is expected to be a single peak with 
asymmetry parameter of zero due to the C3  symmetry at this deuteron site. The v0  
transition for deuterium is usually not observable due to interference from the proton 
dipolar bath.6 In addition, a small magnetic field can be applied in the zero-field region 
during the irradiation period so that the detected v+ and v_ frequencies shifts in opposite 
directions (Figure 1.2). This technique can be helpful in the assignment of unresolved or 
overlapping transitions.28 If two deuterons are in close proximity (about 4 A), then it is 
possible to detect the double transitions due to simultaneous transitions of the two adjacent 
dipolar-coupled deuterons with absoiption of a single rf photon.
There are certain limitation to this technique: the deuterium transitions are detectable 
only when the sample has a proton relaxation time T \  and deuteron relaxation time T\& 
greater than 1 s. A sample with rapid internal vibration or rotation, such as an 
organometallic complex with rapidly rotating cyclopentadienyl rings, will generally have a 
short T j, on the order of milliseconds even at 77 K .29 For this reason, a new version of 
the ADLF spectrometer is currently under construction in which the magnetic field is
switched within 30 ms by a high speed DC power amplifier between 0 and 0.18 Tesla 
(corresponding to a proton resonance frequency of 8.1 MHz) .30 With this fast-field- 
switching version of the ADLF spectrometer, it will be possible to analyze samples with 
very short spin-lattice relaxation times; hence, the instrument will be used for surface 
analysis in the near future.
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Figure 1.1 Zero-field quadrupole splitting for an I = 1 spin system as a function of the 
asymmetry parameter. The m = 0, ±1 nuclear energy levels and the transition 
frequencies are given in units of erg and kHz respectively.
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Figure 1.2 The effect of a small Zeeman perturbation on the deuterium quadrupolar 
energy levels with applied magnetic field parallel to the direction of principal 
axis z. The calculation is based on equation 1.14 with e2qzzQ /h =168 kHz, 
7? = 0 . 1.
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Figure 1.3 (a) ADLF field cycle, as explained in the text, and (b) the corresponding
energy levels splitting for proton (- -) and deuteron (-) systems. In order to 
representing the detail of level splitting at zero-field, the high- and low-field 
strengths shown here are 352 gauss (corresponding to a resonance frequency 
of 1.5 MHz for proton) and 5 gauss respectively.
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Figure 1.4 ADLF spectrum for perdeuterated adamantane (~33%; recrystallized with 
perprotonated adamantane in 1:2 ratio) acquired at 77 K and an applied 
perturbation field of 0 gauss. The high- and zero-field delays were 120 and 2 
seconds, respectively. The zero-field irradiation amplitude was 26 
milliGauss. The sample was prepared by Dr. Maria I. Altbach.
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Accurate values of the deuterium quadrupole coupling constant and asymmetry 
parameter can be used to infer a variety of electronic and geometrical features in powdered 
or amorphous materials: measuring the relative charge on carbon in a bridging methylene 
metal dimer, 1 determining hydrogen bond lengths,2 measuring a ^H -C -C -X  torsion 
angle,3 and identifying terminal and bridging metal hydride sites.4 High-field deuterium 
NMR spectroscopy is used to measure the deuterium quadrupole coupling constant,5 but 
difficulties with overlapping powder patterns are encountered for multiple deuterium sites.4 
Thus, zero magnetic field techniques are necessary to resolve multiple deuterium sites in 
polycrystalline or amorphous materials. To date, most zero field deuterium spectra have 
been obtained with adiabatic demagnetization in the laboratory frame (ADLF) spectroscopy 
with level crossing between an abundant proton spin system and the deuterium spin 
system .6 Descriptions of several instruments and key components have been published 
over the past twenty years.6' 15 A related technique, zero field NMR spectroscopy, has 
been described recently. 16 The ADLF instrument described herein differs significantly 
from the other instruments8,9 in that CAMAC-based hardware is used together with a 
Macintosh II computer running a control program written in the Lab VIEW programming 
language. The advantages we have found with the CAMAC/Macintosh/LabVIEW 
combination may be of use to others constructing their own instruments.
An ADLF instrument consists of three major components: (1) a solid-state NMR 
spectrometer for measuring the spin magnetization; (2 ) a gated, automatically tuned, 
variable frequency rf  system for selective irradiation of the zero field transitions; and (3) 
a mechanism for alternately placing the sample in regions of high and zero (or near zero) 
magnetic field strength. Typically, the sample is physically moved from the center of an 
electromagnet to a nearby region of zero or near zero magnetic field strength.
Figure 2.1 schematically shows the ADLF spectrometer. Details of the components 
are given in Table 2.1. The CAMAC crate contains modules for all three components of
the ADLF spectrometer: the pulse programmer and signal averagers for the solid-state *H 
NMR spectrometer, the sample position and zero field shim power supply controllers, and 
the TTL control signals for the relays used in the capacitor tuning unit of the zero field rf 
irradiation unit. 15 While CAM AC technology has been recommended for NMR 
apparatus, 17 this is one of the few applications known to us. There is one novel feature 
about the NMR unit for a homebuilt spectrometer, the digitizers are externally clocked, 
enabling efficient measurement of the 128 spin echo from an Ostroff-Waugh pulse 
sequence is used to generate 128 spin echoes. The pulse programmer is essentially a word 
generator with a 12-bit word coming from a IK  memory with a readout rate of 10 MHz. 
The address counter in the pulse programmer has one level of looping so that some long 
pulse sequences can be generated. One bit of the 12-bit word is used as the clock signal for 
the signal averagers. Thus, the echoes are selectively digitized, usually with four analog- 
to-digital conversions per echo per signal averager.
A very important component of the instrument is the controlling software, written in 
the Lab VIEW programming language, 18 and run on a Macintosh n  computer. A NuBus 
card installed in the Macintosh n  provides an interface to the IEEE-488 bus;19,20 a software 
driver is included in the Lab VIEW programming language.21 Lab VIEW (version 1.2) is an 
interpretive, graphical programming language specific to the Macintosh computer family. 
Lab VIEW is radically different from the other languages we have used: Intel 8085 machine 
code; DEC PDP-11/03 assembly language and FORTRAN; IBM Instruments CS9000 
Pascal. Because of the unique character of the LabVIEW programming language, one of 
the subroutines is described herein.
25
Table 2.1. Maior Components of the ADLF Spectrometer.
Label Description
Magnet
FreqSyn
Transceiver
Amp
Preamp
Master Timer
Pulse Programmer
Sample Position 
20 MHz Signal Ave.
Binary to DVS 
Binary to Capacitors 
Interface Display 
CAMAC Controller 
Frequency Synthesizer
Amp50W 
DMM
Current Detector 
Tuning Caps 
Air Piston
DVS
CAMAC Crate
Varian XL 100 electromagnet; shim coils and flux stabilizer removed; 0.36 Tesla.
Syntest, model SI-105,1-32 MHz.a
Novex, Novaspec series wideband transceiver.^
Novex; 15 MHz, 400 W.
Novex preamplifier.
Kinetic Systems model 3655,8-channel timing pulse generator.0 
Custom built; 12-bit wide by IK long 10 MHz readout word generator, 
programmable halt, external resume and reset 
CAMAC kluge card; contains OR gate and manual pushbutton.
DSP model 2108; 8-bit digitizer with 24-bit wide by 8K long acquisition memory; 
internal and external clocks.**
Kinetic Systems model 3072-A1C; dual 24-bit TIL output registers.
Kinetic Systems model 3072-A1C; dual 24-bit TIL output registers.
Interface Standards DIM series diagnostic module®
Kinetic Systems model 3988-G3A, IEEE-488 crate controller.
Hewlett-Packard model 3314A frequency, function, and waveform synthesizer; 1
f
mHz to 20 MHz, programmable amplitude.
ENI model240L,20kHz to 10MHz,40 W®
Fluke model 8840A multimeter.*1
Toroidal transformer in zero-field LC circuit, output rectified and RC filtered.
Array of relay-switched capacitors, see ref 15.
1.5" bore by 27.5" stroke air piston, 5-way air valve for positive drive in both 
directions.
Hewlett-Packard model 6131C binary logic; ±100 V, ±0.5 A.
DSP model Optima-850,60A powered CAMAC crate.
a. Syntest Corp., 40 Locke Drive, Marlboro, MA 01752.
b. Novex, Inc., PO Box 3006 Gaithersburg, MD 20760.
c. Kinetic Systems Corp., 11 MaryknOll Dr., Lockport, IL 60441.
d. DSP Technology, Inc., 48500 Kato Road, Fremont, CA 94548-7338.
e. Interface Standards, 45845-A Warm Springs Blvd., Fremont, CA 94539.
f. Hewlett-Packard Co., 5161 Lankershim Blvd., North Hollywood, CA 91601.
g. ENI, Inc., 100 Highpower Road, Rochester, NY 14623-3498.
h. John Fluke Mfg. Co., Inc., PO Box C9090, Everett, WA 98206.
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A digital voltage source (HP 6131C, circa 1973, recovered from a defunct mass 
spectrometer) energizes the zero field shim coils. In the ADLF spectroscopy of deuterium, 
it is useful to obtain spectra at zero to five Gauss applied magnetic field.22 The digital 
voltage source (DVS) has a simple, but non-standard computer interface. Thus it is a 
convenient example to illustrate the CAMAC crate and the LabVDEW programming 
language.
Fifteen data lines encode the voltage magnitude, ranging from 0.5 mV (LSB) to 
8.192 mV (MSB) in what is called “computer binary code” in the HP 6131C manual. 
Positive voltages are straight binary and range from 0 to +16.3835 V; negative voltages are 
in 2's complement and range from -0.5 mV to -16.384 V. The sign bit is considered 
separate from the voltage magnitude data, possibly because of the lack of sophistication of 
the users when the DVS was built. A gate input initiates storage and processing of the data 
10 |xs after the positive edge o f the gate pulse. Additional programming information is 
supplied for a X10 voltage output (up to ±100 V, 1 data line) and a current limit (3 data 
lines).
At this point, the interface between the DVS and the CAMAC must be specified. A 
Kinetics System 3072-A1C dual 24-bit TTL output module is the interface to the DVS. 
One 24-bit register (CAMAC subaddress A=0) is wired to the voltage data lines; the other 
register (A=l) is wired to the sign (bit 0), gate (bit 1), current limit data lines (bits 2 ,3 ,4 )  
and X10 voltage output (bit 5).
Figure 2.2 shows the “front panel” of the DVS program. The slide control for 
voltage can be operated with the mouse or numerical values can be entered into the 
windows above the controls. Current limit is an arbitrarily labeled index control; the value 
of the index is used in the program. The CAUTION: High Range indicator darkens 
whenever the user requests a voltage outside a preset limit contained within the program. 
Figures 2.3 and 2.4 show the actual program, termed the “diagram”. The sequence
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structure is used to define the three major steps of the program. In sequence 0, the 
requested voltage is compared to preset limits; notice the manner in which data flow is 
indicated from the source to the comparison icon, the b<x<a operator. A line, termed a 
“wire”, connects the source of the data to the operator which uses the data. This is the 
graphical analog of a variable * in a conventional language. The other icon in sequence 0, 
NAF-Write-High.Middle.Low. performs a CAMAC operation which prepares the crate 
controller to receive information in three 8 -bit bytes (the other common data transfer mode 
is for transferring a large number of bytes to or from a CAMAC module). Sequence 1 in 
Figure 2.3 shows the manipulation of a negative voltage from the source icon to the 
CAMAC three byte write icon set to address N=15, subaddress A=0 (the F=16 is a mode 
command to the CAMAC module to store incoming data from the CAMAC bus). Sequence 
1 uses a comparison operator (voltage less than zero), a true-false case statement where the 
true condition is shown, and several numeric operations. The numeric operation shown 
here is not the most direct route for setting the control lines; rather, it represents the closest 
approach to programming the device as given in the Hewlett-Packard manual. An absolute 
value operator is used to extract the voltage magnitude, multiplication by 2000 converts 0.5 
mV (LSB) to one. The l's  complement of the 15-bit number is obtained by subtraction 
from 32767 and 2's complement by adding 1. The 15-bit number is separated into a low 
order 8-bit numbers and high order 8-bit numbers by division by 256; the integer quotient, 
IQ, is the high-order byte and the remainder R is rounded to give the low-order byte. The 
output of the particular CAMAC module used to control the DVS has negative true logic; 
thus the l's complement is taken again for each byte. The two bytes are then written to the 
CAMAC module. The value of the sign bit is one for a negative number; this constant is 
generated in the case statement and the value transferred to an intermediate variable denoted 
by the arrow at the bottom of sequence 1.
Sequence 2 is shown in Figure 2.4. The X10 voltage output, the current limit from
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the front panel, and the sign bit from the sequence 1 are combined into a single integer. 
Since the output module does not have a strobe line, the gate signal is sent with the data. 
To make the gate pulse, three writes are done sequentially with gate equal to 0 ,1 , and 0. 
The three write statements are contained in a subsequence as shown in Figure 2.4. Finally, 
Figure 2.4 also contains the other case statement used for positive voltages in sequence 1.
To this point, the DVS program has been treated as a stand-alone program. 
However, it can be called from another routine. The icon and connector pane shown in 
Figure 2.2 are used to activate this program and to pass parameters. The connector pane 
specifies the locations on the icon and the corresponding controls and indicators. For 
example, locations 0 and 2 are for the Current and Voltages inputs, respectively, and 
location 1 is for the CAUTION: High Range output. The details of parameter passing, 
whether Boolean, string, real, or arrays, are indicated by different wire styles. Also, the 
problem of parameters out of range can be handled in two useful manners: stop, or coerce 
into range and proceed. The attribute detailing out of range handling is not shown.
There are two features of the Lab VIEW programming that we have not used. First, 
there is a formula icon for math functions that are too cumbersome to write in graphical 
form. Second, routines written in the C language can be called from Lab VIEW. This 
option is mainly intended for procedures that must be done rapidly. In spite of the many 
separate procedures in the field cycling experiment, neither of these features has been 
needed; all instrument control procedures are written in Lab VIEW.
The performance of the instrument can be assessed roughly by comparison to 
conventional high-field solid-state deuterium NMR methods.5 In the search for a method 
for measuring molecular conformations in the solid state, a series of arylacetic acids 
deuteriated at the carbon alpha to the carboxylic group have been studied.3-22 Shown in 
Figure 2.5 are spectra taken with the ADLF spectrometer and with a Broker MSL300 NMR 
spectrometer. In conclusion, CAMAC hardware, driven by a graphical programming
language like Lab VIEW, provides a powerful, flexible means of developing home-built 
instruments for use in a wild variety of experiments.
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Figure 2.1 Schematic diagram of the ADLF spectrometer. Not shown on 
diagram is a silvered-glass, long-tail liquid nitrogen dewar.
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INSTRUMENT NAME: DVS
ICON:
CONNECTOR PANEL:
DVS Panel
Voltage Current
-.0920
500 mA
200 mA
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50 mA
20 mA
CAUTION: 
High Range
Figure 2.2 Front panel of the DVS program written in Lab VIEW. The DVS 
program can be called by other programs. Then, parameters are passed 
to the DVS routine through the icon; the connector pane shows the 
wiring pattern. The location code is: 0=Current input, l=CAUTION 
output, and 2 =Voltage input.
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Figure 2.3 Sequence 0 and 1 of the DVS program. In sequence 0, the range 
checking is done and the CAMAC crate controller is initialized for 
three-byte transfers. In sequence 1, the magnitude of the voltage is 
written to one of the 24-bit output registers (A=0).
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Figure 2.4 Sequence 2 shows preparation of the voltage range, current limit, 
voltage sign, and gate pulses and the sub-sequences used to perform 
three write operations to strobe the data into the DVS,
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Figure 2.5 Relative performance of ADLF spectroscopy and high-field solid-state 
deuterium NMR spectroscopy for the study of 2-(4-nitrophenyl)[2,2- 
^ 2] acetic acid. The ADLF spectrum in the upper trace required 200 
mg of sample and 24 hours. The solid-state deuterium NMR in the 
bottom trace required 100 mg of sample and 24 hours.
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Abstract
The electric field gradient at the hydrogen atom site has been calculated in three 
model systems: M -H  (M = Li, Na, K, Rb, and Cs), [Na-H-N a]+ , [Na-H2 ]+ , and 
[Rb-H2 ]+. The effect of metal hydride geometry on the deuterium quadrupole coupling 
constant was examined with an extended basis set by using restricted Hartree-Fock 
methods. For the terminal M -H bonds (M = K, Rb, and Cs), the deuterium quadrupole 
coupling constant is about 20 kHz. Formation of a bridging metal-hydrogen bond reduces 
the value of quadrupole coupling constant; nonlinearity reduces the quadrupole coupling 
constant further. For the [M-H2 ]+ system, the value of the deuterium quadrupole coupling 
constant is strongly affected by H -H  bonding. These results can be used in the assignment 
and interpretation of solid-state deuterium NMR spectra of metal-hydrogen bonds in 
organometallic complexes.
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3.1 Introduction
Recent solid-state deuterium NMR experiments have shown that the deuterium 
quadrupole coupling constant, e^qzzQlh, is a sensitive function of the metal-hydride bond 
geometry, with characteristics similar to those observed in the solid-state deuterium NMR 
spectra of 0 -D -- -0  bonds. An amorphous polymeric solid, bis(cyclopentadienyl) 
zirconium dideuteride, has two inequivalent deuterium sites. 1 On the basis of the solid- 
state deuterium NMR spectrum, the existence of a terminal metal hydride and a bridging 
metal hydride was deduced; integration of the peak areas quantified the results.
The interpretation of solid-state deuterium NMR spectra has been aided by the results 
of molecular orbital calculations done on model systems. With use of extended Gaussian 
basis sets, relationships between molecular geometry and the electric field gradient at 
deuterium have been established. In small molecules, C-H, N-H, and O-H bonds have 
been studied and the dependence noted between the deuterium quadrupole coupling 
constant and the atom to which deuterium is bound and the bond length.2,3 Variations in 
the hydrogen bond length or angle(0-H ---0  bonds) affect the deuterium quadrupole 
coupling constant and asymmetry parameters; ab initio molecular orbital calculations were 
used to study the causal factors. The assignment of major factors has been confirmed by 
solid-state deuterium NMR and ADLF spectroscopy.4
Structural information comes about from the fact that, in the solid state, the deuterium 
NMR spectrum is determined by the electric field gradient at the deuterium nuclear site. The 
electric field gradient is a tensor quantity with a trace of zero. When solid-state deuterium 
NMR data are reported, the common convention is to identify an axis system that 
diagonalizes the electric field gradient tensor; the largest diagonal element of the tensor, 
eqzz, gives the quadrupole coupling constant, e^qzzQ/h. The quadrupole coupling 
constant is a direct function of the charge distribution in the close vicinity (within about 3 
A) of the deuterium nucleus, as shown in equation 3.1. Note that only occupied
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n V
(3.1)
molecular orbitals contribute to the electric field gradient; the absence of contributions from 
excited states greatly simplifies the calculations required to compute quadrupole coupling 
constants by using ab initio molecular orbital calculations. The other major elements of the 
electric field gradient tensor, e q ^  and eqyy, are obtained by a similar summation of
deuterium NMR is the asymmetry parameter, ij, of the electric field gradient tensor:
Solid-state deuterium NMR spectroscopy can be applied to a large range of metal 
hydride chemistry. In homogeneous transition-metal complexes,5' 8 and on catalytic 
surfaces,9*10 structures of metal-hydrogen bonds are quite varied, ranging from terminal 
metal-hydride bonds to several types of bridging geometries. One method of synthesizing 
transition-metal hydrides proceeds by the oxidative addition of dihydrogen to a 
coordinatively unsaturated metal center. The addition process is presumed to involve, at 
some point along the reaction pathway, nonclassical coordination of the dihydrogen 
molecule to the metal center.11 Recently, sterically constrained metal complexes have been 
isolated that contain weakly coordinated dihydrogen molecules.12
Herein, we report the results of three series of calculations. Terminal metal 
deuterides are modeled by diatomic metal deuterides. Bridging metal hydrides are modeled
neighboring charge with a 1/r^ distance dependence. Also specified in the solid-state
eqxx - eqyy 
eqzz (3.2)
The asymmetry parameter is useful since a terminal X-^H or linear X- • *^H-Y bond should 
have a near-zero value for rj; non-zero values are characteristic of nonlinear X---^H-Y 
bonds.
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by a [Na-H-Na]+ system. Finally, the interaction of dihydrogen with a metal center has 
been followed with [N a-H j]4" and [R h -E y 1- complexes.
3.2 C alculations
GAUSSIAN 82 and the associated properties package was used for all SCF-HF
calculations. 13 The cesium metal atom basis set was taken from the compilation of
Huzinaga and consisted of the nominal basis set enhanced with a two-membered p-type
polarization function.14 For the purpose of comparing results between the alkali-metal
hydrides, the basis sets for lithium, sodium, potassium, and rubidium were restricted to the
same form as available for cesium. The hydrogen atom basis set was (ls2p ld ) .15 In this
work, we have taken the deuterium nuclear quadrupole moment, Q, as 2.86xl0~27 cmA16
The convention used herein for reporting the electric field gradient is 1 ^ 1  > \q ^ \  >
I q I.17 xx
For the terminal metal deuterides, the M -H bond distances and vibrational stretching 
force constants were taken from Herzberg. 18 In the linear bridging metal hydride model 
[Na-H-Na]+, the hydride was constrained to be symmetrically situated between the metal 
atoms. In the nonlinear bridging hydride model, the N a-H  distance was fixed at 2.0 A. 
For the [M-H2 ]+ systems, all geometries were optimized by using as input the M -(H 2 
centroid) distance.
No corrections for vibrational effects were made to the calculated electric field 
gradients. In the cases when calculated electric field gradients have been corrected for 
vibration, the general effect is to slightly reduce the magnitude of the electric field gradient 
tensor elements.19
3.3 R esults and  Discussion
3.3.1 Term inal M etal Hydrides. The quality of the basis set was evaluated by
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comparing the results obtained here for LiH with other calculations and with the results of 
gas-phase microwave spectroscopy. Hameka and co-worker have evaluated the effect of 
basis set on the electronic contribution to the electric field gradient, qt \, for the hydride site 
in LiH, qt \ = -0.1642 (this work) and qQ\ = -0.1615 (Hameka et al. ) 20,21 Adding to the 
electric field gradient tensor the positive contribution due to the lithium nucleus, we 
calculate a deuterium quadrupole coupling constant, e^qzzQth, of 36.8 kHz, in good 
agreement with the experimental value of 33(1) kHz.22 Unfortunately, experimental values 
of the deuterium quadrupole coupling constant are not available for the other alkali-metal 
hydrides. However, a correlation has been noted between the vibrational stretching force 
constant, k, and the deuterium quadrupole coupling constant;23' 27 the correlation is used 
here to show that the calculated deuterium quadrupole coupling constants, especially for 
larger metals, do not suffer from any gross errors. The ratio e^qzz!k, should be near 
unity,23,27 as is found for all of the alkali-metal hydrides reported herein. Table 3.1 lists 
the M -H distance, the vibrational force constant, the nuclear contribution to the deuterium 
quadrupole coupling constant., the calculated deuterium quadrupole coupling constant, and 
the ratio e^qzz!k for the alkali-metal hydrides.
The results shown in Table 3.1 lead to two important conclusions. First, for terminal 
metal hydrides, the smallest value of the deuterium quadrupole coupling constant is on the 
order of 20 kHz. Since the alkali-metal hydrides KH, RbH, and CsH have smaller 
vibrational force constants than typical organometallic transition-metal hydrides,26,28,29 20 
kHz represents a lower bound for the deuterium quadrupole coupling constant. In a recent 
survey of organometallic hydrides, the smallest value yet found is 46.7(5) kHz.1 Second, 
as one proceeds from lithium to cesium, the alkali-metal core electrons are quite effective at 
shielding the increased nuclear charge from contributing to the total electric field gradient at 
the hydride site. This second conclusion has been previously discussed in a different 
format on the basis of a comparison of the similar origins for vibrational force constants
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and electric field gradients in hydrides.2:5
Table 3.1. The Deuterium Quadrupole Coupling Constants for Alkali-Metal 
Deuterides and Comparison to Vibration Force Constants.
atom M-H, Aa k,b 
105 dyn/cm
e2VnuclQ/h- 
kHz
e2qzzQ/h,
kHzc
e2qzzlk£
Li 1.595 1.02 147.16 36.80 0.8298
Na 1.887 0.78 325.89 24.84 0.7351
K 2.244 0.56 334.88 20.60 0.8486
Rb 2.376 0.51 549.37 19.74 0.8867
Cs 2.494 0.46 680.44 21.04 1.0410
aFrom ref 18. is calculated from toe values.^  cValues from the results of the GAUSSIAN 
82 calculations. ^Calculated by following the procedure of ref 27.
3.3.2 B ridg ing  M etal H ydrides. The model bridging metal hydride 
[Na-H-Na]+ was studied over a range of Na-Na distances, ranging from 3 to 4.6 A; at all 
points, equal Na-H bond distances were maintained. While generally satisfactory in most 
features, the [Na-H-Na]+ model, because of the net positive charge, yields values for the 
deuterium quadrupole coupling constants that are forced to be more positive than would be 
expected for an organometallic complex. A point charge model, with +0.5 e charge 
situated at each sodium nuclear site, was used to correct the calculated deuterium 
quadrupole coupling constants. The [Na-H-Na]+ data are plotted in Figure 3.1 with the 
corrected deuterium quadrupole coupling constants.
The most notable feature in Figure 3.1 is the large reduction in the value of the 
deuterium quadrupole coupling constant with increasing metal-metal distance. The 
reduction is caused by the decreasing nuclear contribution to the electric field gradient and 
is exactly analogous to the reduction calculated and observed in symmetric O -H -O  
bonds.43,30 Also noted on the graph is the Na-H bond distance for the neutral diatomic 
hydride. Since formation of a bridging hydride bond causes an increase in the Na-H 
distance, from Figure 3.1 we would predict that bridging metal hydrides should have a 
deuterium quadrupole coupling constant smaller than that of a comparable terminal metal 
hydride.
The deuterium quadrupole coupling constants of nonlinear bridging metal hydrides 
were investigated with a fixed Na-H bond distance of 2.0 A. Fixed O-H distances were 
also used in a study of O-H- • -O bond angles and the correlation with deuterium quadrupole 
coupling constants.43 Figure 3.2 shows the effect bending the bridging metal-hydride 
bonds has upon the deuterium electric field gradient. Relative to the case for a linear 
system, bent metal-hydride bonds have a reduced deuterium quadrupole coupling constant. 
Also, the asymmetry parameter becomes large upon bending; the relative orientation of the 
electric field gradient principal axis system is shown in Figure 3.2.
The solid-state deuterium NMR spectrum of bis(cyclopentadienyl)zirconium 
dideuteride shows two deuterium sites with deuterium quadrupole coupling constants of 
46.7(5) and 32.7(20) kHz. 1 The site with the smaller value for the deuterium quadrupole 
coupling constant was assigned, partly on the basis of the known trends for 0 -H ---0  
bonds, to a bridging metal hydride site.
3.3.3 D ihydrogen A dducts. In this model, a dihydrogen molecule is brought 
near an alkali-metal ion that is acting as a Lewis acid.111 As the dihydrogen molecule is 
brought closer to the metal, the H-H  bond is broken and two new M -H bonds are formed. 
In this work the geometry of the complex was determined by an energy minimization 
process. The principal coordinates of the complex are as follows: (1) the M-(H2 ) distance,
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the distance between the metal and the centroid of the dihydrogen system, and (2) the H-H 
distance, the distance between the two hydrogen atoms. For example, little interaction 
between the metal ion and the dihydrogen molecule occurs with d(M -(H2 )) = 4 A and 
d(H-H) = 0.85 A . At the other extreme, a linear [H -M -H]+ complex corresponds to 
d (M -(H 2 )) = 0  A and d(H-H) = 4.2236 A, the sum of the two M -H bond distances. 
Figure 3.3 shows representations of the electron density in the [Rb-(H2 )]+ complex for 
three M-(H2 ) distances in the region where the H-H  bond is being broken.
In spite of the complexity of the dihydrogen addition process, it is possible to 
describe, in relatively simple terms, the evolution of the deuterium quadrupole coupling 
constant and asymmetry parameter. In the dihydrogen molecule prior to interaction with a 
metal, the deuterium quadrupole coupling constant is +225 kHz and is dominated by the 
relatively unshield neighboring hydrogen nucleus only 0.79 A distant. After an alkali- 
metal-hydride bond is formed, the deuterium quadrupole coupling constant is on the order 
of 20 kHz but is still positive and is dominated by the nuclear charge of the alkali-metal 
atom. Having established the limiting cases, one would expect intermediate regions of the 
dihydrogen addition process to show a smooth evolution of deuterium quadrupole coupling 
constant and reorientation of the electric field gradient major axis. The arrow in Figure 3.3 
shows the orientation of the electric field gradient major axis; Figure 3.4 shows the 
evolution of the deuterium quadrupole coupling constant and asymmetry parameters. The 
[Rb-(H2 )]+data are summarized in Table 3.2. The [Na-(H2 )]+ system behaved similarily 
to [Rb-(H2 )]+, differing mainly in having a shorter M-CHy distance in the M -H bond- 
breaking region.
The evolution of the minor axes of the electric field gradient tensor is not as 
predictable as for the major axis. For Rb-(H2 > distances of 1.75 A and greater, q-yy is 
normal to the Rb-(H2 ) plane. After the H -H  bond is broken, qyy lies in the Rb-(H2 ) 
plane.
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Table 3.2. The Deuterium Quadrupole Coupling Constants and Asymmetry 
Parameters for [Rb-H2 ]+.
Rb-(H2), A H -H, A 6, dega n e^qQ/h, kHz
4.00 0.8500 0.103 0.0250 181.770
3.00 0.8492 0.378 0.0627 179.965
2.50 0.8452 1.061 0.1250 178.867
2 .0 0 0.8386 4.665 0.3372 171.082
1.75 0.8450 12.905 0.6228 155.373
1.50 3.9545 36.733 0.0170 14.775
1.40 4.2200 32.931 0.0080 13.565
1.30 4.3840 29.974 0.0046 13.156
1 .2 0 4.4912 27.393 0.0031 13.123
1.10 4.5582 25.019 0 .0 0 2 2 13.343
1 .00 4.5936 22.769 0.0017 13.779
0.50 4.4346 12.003 0.0007 19.634
0 .0 0 4.2236 0 .0 0 0 0 .0 0 0 0 26.902
a Angle between the H-H vector and the major axis of the electric field gradient tensor (z axis).
The solid-state deuterium NMR spectrum of a tungsten dihydrogen complex gives a 
deuterium quadrupole coupling constant of about 124 kHz,12c in good agreement with the 
trends found herein. Due to motional averaging, the asymmetry parameter could not be
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obtained from the spectrum but would be expected to be non-zero.
3.4 Conclusions
Terminal Metal Hydrides. From the calculations on the alkali-metal hydrides and 
subsequent comparison to vibrational stretching force constants, two general statements can 
be made:
1. A lower limit for the deuterium quadrupole coupling constant in organometallic 
hydrides is 20 kHz.
2. Metal core electrons effectively shield the deuteron from the electric field gradient 
generated by large nuclear charges.
Bridging Metal Hydrides. Formation of a bridging metal-hydride bond causes a 
reduction in the deuterium quadrupole coupling constant relative to the value found for a 
terminal metal-hydride bond to the same metal.
Dihydrogen Adducts. In the adduction of dihydrogen to a d® metal center, the major 
features of the electric field gradient at the hydrogen site evolve in a straightforward 
manner.
1. The value of the deuterium quadrupole coupling constant is reduced, with the 
most rapid reduction occurring as the H -H  bond is being broken.
2. The orientation of the electric field gradient major axis, aligned along the H-H  
bond in the dihydrogen molecule, rotates toward alignment with the M -H bond as the H-H 
bond is broken.
3. At structures corresponding to intermediate H -H  and M -H  bonds, the asymmetry 
parameter is non-zero.
Given the occasional experimental difficulties in acquiring solid-state deuterium NMR 
spectra, it can be highly beneficial to the spectroscopist to optimize the instrumental 
parameters on the basis of estimates of the deuterium quadrupole coupling constant and the
asymmetry parameter. Also, there is a clear and definitive connection between the 
observed solid-state deuterium NMR spectrum and structural features of the metal- 
hydrogen bond, making solid-state deuterium NMR spectroscopy a potentially unique and 
valuable asset for physical organometallic chemistry.
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Figure 3.1. Deuterium quadrupole coupling constants in the bridging metal hydride, 
[N a-H -N a]+. Also shown(arrow) is the N a-H  bond distance for the 
neutral diatomic hydride. The values shown for the deuterium 
quadrupole coupling constants are corrected for the net positive charge 
on the model complex by using a point charge model.
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Figure 3.3. Plot representing the electron density (contour) and orientation (arrow) 
of the electric field gradient major axis for [Rb-H2 ]+. Rb-(H2 ) distance 
are (a) 1.50, (b) 1.75, and (c) 2 .0 0  A. The outermost contour shown is 
at 0.01  e/A3; the next contour is at 0 .0 2  e/A3, and the next 10 contours 
start at 0.05 e/A3 with 0.05 e/A3 steps.
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Figure 3.4. Evolution of the deuterium quadrupole coupling constant and 
asymmetry parameter in the addition of dihydrogen to a Rb+ center.
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Solid-state NMR spectroscopy is a powerful method of studying molecular 
motion in the solid state. 1' 4 The power o f this technique derives from the facts that 
quadrupole coupling is the dominant interaction and the electric field gradient (EFG) tensor 
is usually axially symmetric for a deuteron bonded to carbon, with the unique axis along 
the C-D bond. In the case of a methyl group, rapid 3-fold rotation yields an averaged EFG 
whose symmetry axis is along the rotation axis, and the corresponding powder pattern is 
axially symmetric (77 < 0.01)'with a quadrupole splitting of ca. 40 kHz.5
Hiyama and coworkers are interested in obtaining spectra of thymidine and 
ribothymidine, deuteriated at the methyl position, to study motion of nucleotide bases in 
DNA and tRNA, respectively. In their initial work they are studying the dynamics of the 
model compound, thymins-m ethyl-d^ .6 Inversion-recovery NMR spectra of this 
compound clearly showed the T j anisotropy predicted for 3-fold methyl jumps.5,7 The 
linear Arrhenius plot of correlation time, xc , against 1 IT (where xc = xQoexp(EIRT)) 
yielded an apparent activation energy of 6.9 kJ/mol and a preexponential factor, t Q, of 
2 x l0 -13  s. These results show that the spin-lattice relaxation is determined by the 
3-fold methyl motion. However, this motion does not account for the asymmetry in the 
observed line shape. A computer simulation of this lineshape showed that the asymmetry 
parameter was 0.07-0.08, unusually large for a methyl deuteron, while the splitting, 36 
kHz, was several kilohertz less than expected. The goal of the work reported herein was to 
determine the cause of this unusual methyl line shape.
We performed ab initio molecular orbital calculations8 to see if the calculated static ^H 
EFG tensors of thyminc-m ethyl-d^  could explain the large asymmetry parameter. The 
static EFG tensors of toluent-m ethyl-d j were also calculated, because the methyl group is 
also adjacent to an aromatic ring, but the observed asymmetry parameter, in contrast to that 
of thymine, is very small (less than 0 .02).9
Figure 4.1 shows the calculated angular dependence of the deuterium quadrupole
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coupling constant (QCC) with respect to methyl group orientation for thymine and toluene. 
We note that for thymine with a dihedral angle of zero, the deuteron-exocyclic oxygen 
intemuclear distance is only 2.436 A. The Mulliken atomic charge on the exocyclic oxygen 
is 0.59 e~. This value is in good agreement with UPS results10 and other ab initio 
calculations.11 The angle between the vector along the deuteron-excyclic oxygen atom and 
the C-^H  bond vector is 103.46° at a dihedral angle of zero. From a point charge model, 
the partially shielded nuclear charge at the oxygen site creates an EFG component of -5.8 
kHz/charge along the C-H  bond vector of the thymine methyl group. As seen in the 
electron density map shown in Figure 4.3, a point charge model does not fully account for 
the electron density in the oxygen p-orbitals that lie close to the methyl deuteron site. A 
more exact calculation involving integration over all occupied molecular orbitals of the 
thymine molecule gives the deuterium QCCs shown in Figure 4.1. The 8-kH z reduction in 
QCC is noteworthy for the deuterium closest to the exocyclic oxygen site, i.e., 0  = 0°. 
The effect of the exocyclic oxygen on the EFG is also seen in the orientation of the z-axis, 
as shown in Figure 4.2. We note that the aromatic 7t-electrons do not affect the deuterium 
QCC or the z-axis orientation in toluene to nearly the same extent as the exocyclic oxygen 
o f thymine. The calculated asymmetry parameters of the static EFG tensors of both 
thymine and toluene are about 0.05. Following the convention \qzz\ > \qyy\ ~2l \qx x \, the 
calculations showed, for both molecules, that the y-axis of the deuterium EFG is normal 
to the Cring-Cmethyt~® Plane while the x-axis lies in the ^ring~^'methyt~^> Plane-
Since the hydrogen positions of the methyl group are unknown in the thymine 
crystal,12 the space-averaged (C3 jumps) EFG tensor is calculated based upon the ab 
initio results (Figures 4.1 and 4.2), varying the dihedral angle 0  from 0° to 60°. At 0  = 0°, 
20°, 40°, and 60°, the calculated values of the asymmetry parameter are 7%, 5%, 4%, and 
3%, respectively. So a dihedral angle of less than 20° in thymine explains the 
experimentally obtained asymmetry parameter. On the other hand the calculated asymmetry
parameters of the space-averaged EFG tensor for toluene are always less than 1 %
because the static EFG is nearly independent of 0 . We believe that because a large 
asymmetry parameter is calculated over a large range of dihedral angle, that axially 
asymmetric spectra of the thymine moiety will be commonly seen.15
This study illustrates that reliable analysis of line shapes requires careful 
consideration of both the dynamic and static factors that affect the EFG tensor. In the case 
o f thymine-m ethy l-d^, the large methyl asymmetry parameter is caused by the
partially shielded nuclear charge density on the exocyclic oxygen, rather than motional 
narrowing.
A cknow ledgem ent. Computational support was provided by the Louisiana State 
University. We also thank one of the referees for bringing the hexamethylbenzene 
results16 to our attention.
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Figure 4.1. Calculated deuterium quadrupole coupling constant for C-^H  in methyl 
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Figure 4.2 The orientation of the z-axis, 0, of calculated deuterium electric field 
gradient tensor for C-^H in methyl group of thymine (o) and toluene 
(A) with respect to the C3 rotation axis. Torsion angle, 0 ,  is defined by 
the atoms ^ CarbonyI~^nng~^'methyr^'
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Figure 4.3 Electron density map of thymine from the ab initio MO calculation.
Note that the z-axis is about 2° out of the C-H  bond direction when 0  
= 0°. Contours at 0.05 e/ A^; maximum contour at 1.0 e/ A^.
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Abstract:
The deuterium quadrupole coupling constant for the methyl group in the acetic acid 
dimer was calculated as a function of the torsion angle about the carbon-carbon bond. The 
results show that when a deuteron approaches either of the negatively charged oxygen 
atoms, the quadrupole coupling constant for the deuteron is reduced by as much as 4.2 
kHz. Both the calculated quadrupole coupling constant, e^q zzQlh, and asymmetry 
parameter, 77, are fitted with a Karplus-type equation: e^qzzQ!h= A -  0.5491 cosO -
1.7859 cos20; 77 = 0.0491 + 0.0058 cosO -  0.0081 cos20. Adiabatic demagnetization in 
the laboratory frame spectroscopy at 77 K for (4 -chlorophenyl)[2 ,2 --^H2 ]acetic acid 
showed two inequivalent deuteron sites that, on the basis of deuterium double transitions, 
are demonstrated to be due to two deuterium sites bound to the same carbon atom. The 
solid-state structure of (4-chlorophenyl)acetic acid was determined by single-crystal X-ray 
diffraction. The ADLF and structural data for (4 -chlorophenyl)[2 ,2 -^H2]acetic acid were 
used to obtain a preliminary value for the A parameter of 170.767 kHz.
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5.1 Introduction
Solid-state deuterium NMR spectroscopy is mainly used to study molecular 
motions1-7 but rarely to determine solid-state structures. There are relatively few methods 
for utilizing solid-state deuterium NMR spectra to measure structural parameters. In 1964, 
Chiba reported a correlation between deuterium quadrupole coupling constants and 
hydrogen bond lengths between oxygen donors and acceptors.8 The deuterium asymmetry 
parameter has also been used to assign distances in hydrogen bonds.9*111 This work has 
been extended to include nitrogen donors and acceptors. 11 However, there are no reported 
correlations between carbon-bound deuterium quadrupole coupling constants and solid- 
state structural features. Herein, we report preliminary results for a Karplus-type 
relationship12-13 for measuring torsion angles involving C-^H sites a  to a carboxyl group. 
This is the first report of an expression that allows one to convert solid-state deuterium 
NMR data into structural information for a C-^H bond adjacent to some functional group. 
The possible areas of application are as varied as the current use of solid-state deuterium 
NMR, ranging from polymers to biomaterials to surface-adsorbed species.
It is generally assumed that, in the aliphatic C-^H bond, there is a characteristic value 
for the static deuterium quadrupole coupling constant. Furthermore, in the high-field solid- 
state deuterium NMR experiment, all observed reductions in the apparent quadrupole 
coupling constant have been attributed to molecular motions that reorient the C-^H bond 
with respect to the applied magnetic field. However, Hiyama et al. found that in 
thymint-m eth y l-d ^  the methyl group deuteron resonances are affected by an adjacent 
exocyclic oxygen atom . 14 Also of note, the C2H2  units in succinic acid,15 a-g lycine , 16 
and DL-serine17 have at least two distinct values for the deuterium quadrupole coupling 
constant. In this work, we report the high-resolution adiabatic demagnetization in the 
laboratory frame (ADLF) spectrum of (4-chlorophenyl)[2 ,2-^H2 ]acetic acid, which reveals 
inequivalent deuterium sites. The origin of the inequivalency is traced to the carboxylic
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oxygen atoms adjacent to the C^H2  unit.
In solid-state deuterium NMR spectroscopy, structural information comes about from
deuterium nuclear site. The electric field gradient is a tensor quantity with a trace of z e r o . 18 
In reports of solid-state deuterium NMR data, the common convention is to refer to an axis 
system that diagonalizes the electric field gradient tensor; the largest diagonal element of the
Note that only occupied molecular orbitals, ignoring electron correlation, contribute to the 
electric field gradient; the absence of contributions from excited states greatly simplifies the 
calculations required to compute quadrupole coupling constants. This is in contrast to the 
situation for chemical shift calculations. The other major elements of the electric field 
gradient tensor, e q ^  and eqyy, are obtained by a similar summation of neighboring 
charge with a 1/r^ distance dependence. Also specified in reports of solid-state deuterium 
NMR spectra is the asymmetry parameter, 77, of the electric field gradient tensor (equation
the fact that the deuterium NMR spectrum is determined by the electric field gradient at the
tensor, eqzz, gives the quadrupole coupling constant, e^qzzQ /h .19 The quadrupole 
coupling constant is a direct function of the charge distribution in the close vicinity of the 
deuterium nucleus, as shown in equation 5.1.
5.2).
V — (eQxX ~ eQyy)leQzz (5.2)
We note that C-^H bonds, with local axial symmetry, should have asymmetry parameters 
close to zero.
This report consists of four components: (1) The results of an ab initio molecular
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orbital calculation of an acetic acid dimer, in which the methyl group orientation is varied 
with respect to the oxygen atoms of the carboxylic group, are fitted to Karplus-type 
equations. (2) A single-crystal X-ray diffraction experiment of (4-chlorophenyl)acetic acid 
shows two distinct C -H  sites a  to the carboxyl group. (3) The ADLF spectrum of 
(4 -chlorophenyl)[2 ,2 -^H 2 ]acetic acid shows two inequivalent deuterium sites. (4) 
Analysis of the ADLF double transitions proves that the two inequivalent deuterium sites 
are bound to the same carbon atom.
5.2 Molecular Orbital Calculations
The electric field gradient tensors at the methyl hydrogen sites in acetic acid were 
obtained from ab initio molecular orbital calculations with the GAUSSIAN 82 program and a 
6 -3 1G** basis set.20*21 In this work, we have taken the deuterium nuclear quadrupole 
moment as 2.86 x 10-27 cm^ .22 The convention used herein for reporting the electric field 
gradient is \qzz\ > \q-yy\ > 1 ^ 1 . 19 The acetic acid dimer geometry was taken from the 
literature;23 all conformations of the dimer had at least a center of symmetry. As a brief 
check of superposition error, some conformations of the dimer were studied with a 6 -3 1G 
basis set, while some monomer conformations were examined with both 6 -3 1G and 
6 -3 1G** basis sets.24 Minor changes in the deuterium quadrupole coupling constant and 
asymmetry parameter were found with the smaller basis set, but, most importantly, the 
orientation of the electric field gradient tensor was not affected. No corrections were made 
for vibrational effects that are expected to slightly reduce the magnitude of the electric field 
gradient tensor elements.25
5.3 Experimental Section
The ADLF spectra of (4 -chlorophenyl)[2 ,2 -2H 2 ]acetic acid were obtained on a 
home-built spectrometer.2^ ’27 All spectra were obtained at 77 K. The high-field strength
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was 0.3 T, corresponding to a frequency of 15 MHz (*H). The 90° pulse length for *H 
was 4 |is with a probe ringdown time of approximately 10 fis. The signal was acquired 
with an Ostroff-Waugh pulse sequence set to generate 128 spin echoes;28 each echo is 
individually digitized. The zero-field rf amplitude was 0.034 G peak for single quantum 
spectra and 1.9 G peak for the double-transition spectra.
The deuterium fine structure29' 35 in the ADLF spectrum was analyzed with Ragle's 
program .35 The electric field gradient tensor orientation with respect to the molecular 
coordinate system was taken from an acetic acid dimer calculation with a conformation set 
to yield the same torsion angles as found in the crystal structure of (4-chlorophenyl)acetic 
acid. The calculated electric field gradient tensor orientations were adjusted to give a right- 
handed coordinate system prior to using the Ragle program.
5.4 Results and Discussion
On the basis of the significant difference between the C l-O l and C l-0 2  bond 
distances and on the correlation noted by Dieterich et al.,36 there appears to be little 
crystallographic disorder of the type that would result in an interchange of C-OH and C=0 
sites in the carboxyl group in (4-chlorophenyl)acetic acid. Thus, we conclude that 0 2  is 
the hydroxyl oxygen site and 01  the carbonyl. This assignment is supported by the 
location and refinement of the acid H atom. When we assume tetrahedral geometry at C2, 
the torsion angles shown in Figure 5.1 are related by an angle of 120° to the 
02 -C 1 -C 2 -C 3  torsion angle, 150.6(2)°. Figure 5.1 shows a portion of the 
CH2 (C6 H4 C1) unit viewed along the C2-C1 bond and the torsion angles for the two 
inequivalent methylene hydrogen atoms.
The calculated deuterium quadrupole coupling constant and asymmetry parameters for 
an acetic acid dimer are shown in Figure 5.2. To minimize the basis set dependence, the 
acetic acid results are plotted as the change in the deuterium quadrupole coupling constant.
The reference value {e^qzzQ!h= 218.2 kHz) is for a deuterium site rotated so as to give 
maximum distance from the oxygen atoms to the deuterium site and corresponds to a 
torsion angle, 0, of 90°. We note that there is a large variation in Ae^qzzQlh with rotation 
angle; it reaches a maximum of -4.2 kHz for a deuteron at closest approach to the hydroxyl 
oxygen site, 0 = 0°. The points shown in Figure 5.2 were fitted by Karplus-type equations 
to give equations 5.3 and 5.4. Because of the tendency
e^qzzQlh = A -  0.5491 cos0 -  1.7859 cos20 (5.3)
7] = 0.0491 + 0.0058 cos0 -  0.0081 cos20 (5.4)
for calculated deuterium quadrupole coupling constants to be larger than experimental 
values,'9,37,38 the A parameter of equation 5.3 was determined by use of experimentally 
derived deuterium quadrupole coupling constants.
On the basis of the torsion angles shown in Figure 5.1 and on the Karplus-type 
equation, equation 5.3, for predicting the deuterium quadrupole coupling constant, the high 
resolution, zero-field ADLF spectrum of (4 -chlorophenyl)[2 ,2 -^H2 ]acetic acid should 
show two different sets of deuterium v_ and v+ transitions. While four transitions are 
indeed observed, as shown in Figure 5.3, the assignment is not straightforward. The 
methods used for spectral interpretation are similar to those applied to other coupled 
deuterium spin systems: (1) Zeeman-perturbed ADLF spectroscopy and (2) analysis of the 
deuterium-deuterium induced fine structure and double transitions. Application of small 
magnetic fields causes the v_ and v+ transitions to be asymmetrically broadened in a 
characteristic fashion; the v_ transition is broadened to lower frequency, the v+ to higher 
frequency.39 By this technique, the peaks at 125.0 (7) and 129.0 (7) kHz are identified as 
the v_ transitions and the ones at 127.0 (7) and 132.0 (7) kHz as the v+ transitions.
Observations of deuterium-deuterium dipolar coupling induced fine structure and 
double transitions were used to assign the v_ transition of a deuteron to its corresponding 
v+ transition. Figure 5.4 shows the observed double-transition spectrum together with the 
calculated transition frequencies and relative intensities.29"35 The fine structure shown in
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Figure 5.3 (top trace) contributes to the rather large line width, Av ~ 1.5 kHz, in the 0-G 
spectrum. The observation of double transitions conclusively shows that the two 
deuterium sites are in close proximity, less than several angstroms from each other. Also, 
the form of the double-transition spectrum is incompatible with other possible explanations 
for two distinct deuterium sites, for instance, two crystallographic modifications of 
(4-chlorophenyl)acetic acid.
The deuterium ADLF spectroscopy and structural data for (4-chlorophenyl)[2,2- 
2 ^ ]  acetic acid are summarized in Table 5.1. The assignment of the site with the larger 
value of the deuterium quadrupole coupling constant to the deuteron with a torsion angle of 
89° is based upon the Karplus-type relationship given in equation 5.3. The “C-^H distant” 
from an oxygen atom site has a value of the deuterium quadrupole coupling constant that is 
similar to values found in simple hydrocarbons. For comparison, the C^H2  unit in 
[9 ,9 -^H 2 ]fluorene has a deuterium quadrupole coupling constant of 173(1) kHz.40
In the foregoing analysis, the effect of the phenyl substituent on the C^H2 unit has 
been ignored. This approach is justified on two counts: First, molecular orbital calculations 
of toluene have shown that there is only a small perturbation of the aliphatic C-^H bonds 
that is caused by the aromatic 7t-electrons or the ortho hydrogens.14 Second, in 
(4-chlorophenyl)acetic acid, the C1-C2-C3-C4 torsion angle is 94.8 (3)°. This angle is 
very close to 90°, an orientation that places both methylene hydrogens in equivalent 
positions with respect to the phenyl ring.
The ADLF and structural data for (4 -chlorophenyl)[2 ,2 -2H2 ]acetic acid were used to 
obtain a preliminary value for the A parameter of equation 5.3 as 170.767 kHz. All values 
of the parameters obtained from the acetic acid calculations should be regarded as 
preliminary until confirmed by experiment as inductive effects from substituents and steric 
effects may modify the results.
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Table 5.1. Deuterium Quadrupole Coupling Constants, Asymmetry Parameters, and 
Structural Data for (4 -Chlorophenyl)[2 ,2-2H2 ]acetic Acid
C -2H distant C -2H near
d(0 . . .2H),a A 2.70(3) 2.36(2)
0 ,b deg 89 31
v+ 132.0(7) 127.0(7)
v_ 129.0(7) 125.0(7)
e^qzzQth, kHz 174.0(9) 168.0(9)
V 0.034(16) 0.024(17)
a Distance from deuteron to nearest oxygen atom.  ^0 is the torsion angle between the hydroxyl oxygen 
and the deuteron as defined in Figures 5.1 and 5.2.
5.5 Conclusions
Neighboring oxygen atoms can affect the deuterium quadrupole coupling constant of 
C-^H  bonds. In acetic acid and substituted acetic acids, the magnitude of the effect is 
related to the ^H -C -C -O H  torsion angle. A Karplus-type equation fits the calculated 
values well.
In summary, the oxygen-perturbed C-^H site has a substantially different quadrupole 
coupling constant than do unperturbed C -^H  sites. As noted by Hiyama et al.14 
neighboring oxygen atoms have an unexpected effect on the solid-state deuterium NMR 
spectrum of deuteriated methyl groups. This work provides further confirmation of their 
report.
The fact that the calculated deuterium quadrupole coupling constants and asymmetry 
parameters of acetic acid dimer can be fitted by a Kaiplus-type equation is very interesting. 
Heretofore, there were no reported methods for correlating deuterium quadrupole coupling 
constants with solid-state structural features. Further work is now in progress to refine 
experimental values for the parameters A, B, and C. It should be straightforward to 
extend the method to other functional groups, for example, esters, ketones, and sulfones.
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Figure 5.1 Relative orientation of the carboxyl acid group and the CH2  unit of 
(4-chlorophenyl)acetic acid. Viewed along the C2-C1 bond. The acid 
carbon, C l, is hidden from view by C2.
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Figure 5.2 Calculated deuterium quadrupole coupling constants and asymmetry 
parameters for the acetic acid dimer as a function of the ^H -C -C -O H  
dihedral angle: o, Ae^qzzQ/h; A, asymmetry parameter. The solid lines 
are based on the Karplus-type equations, equations 5.3 and 5.4, given 
in the text. The average deviations of the fit for A e^q zzQ!h and 
asymmetry parameter are 0.013 and 0 .0 0 0 2  respectively.
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Figure 5.3 Deuterium ADLF spectra of (4 -chlorophenyl)[2 ,2-%l2]acetic acid taken 
at 77 K with 0.5-kHz search frequency increments, (a) The calculated 
fine structure for a unit. Initial assignment of transitions based 
upon frequency shifts caused by a small applied magnetic field: (b) 0 G, 
(c) 2.5 G, (d) 5 G.
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Figure 5.4 Deuterium double-transition ADLF spectra: (a) calculated double­
transition spectrum for a 0 ^ 2  unit; (b) experimental spectrum taken at 
77 K with 0.5-kHz search frequency increments.
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Abstract
Solid-state deuterium NMR spectra have been obtained for several substituted acetic 
acids. The single quantum and double transition zero-field deuterium spectra for the 
methylene deuterons in a molecule are shown. Analysis of the spectra indicated that the 
methylene deuterons can have different quadrupole coupling constants even though they are 
bound to the same carbon site. The major source of the inequivalency has been traced to 
the neighboring oxygen atoms of the carboxylic acid group. A useful parameter to describe 
the geometry of the system is the ^-C a lp h cC ^a c id r® ^  torsion angle. The value of the 
deuterium quadrupole coupling constant is correlated with the 
torsion angle and is described by a Karplus-type relationship in the form of A + Bcos(0) 
+ Ccos(20).
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6.1 Introduction
Solid-state deuterium NMR spectroscopy can be a valuable tool in providing dynamic 
and static structural information. The parameters that are measured, the quadrupolar 
coupling constant, e^qzzQ!h, and the asymmetry parameter, 7j, yield information about 
the distribution of electron density and nuclear charge about the deuterium site. The effect 
of neighboring atoms on the deuterium quadrupole coupling constant of an X-%1 bond has 
been recognized and utilized: In O-^H- ■ -O bonds, the value of the deuterium quadrupole 
coupling constant is well correlated with the hydrogen bond length; 1' 3 and has been 
extended to include nitrogen donors and acceptors.4 High-field solid-state deuterium NMR 
spectroscopy has been used to distinguish between the terminal and bridging metal hydride 
bonds in polymeric bis(cyclo-pentadienyl)zirconium dideuteride.5>6 In an organometallic 
alkyl complex, the values of the carbon-bound deuterium quadrupole coupling constants 
are compared to an aliphatic reference compound, then the charge on a carbon atom can be 
determined7.
Although deuterated carbon sites are common in chemistry, there are no 
well-established correlations between the value of deuterium quadrupolar coupling 
constants for carbon-bound deuterons and any feature of the molecular geometry in the 
solid state. Recently, Hiyama et al. noted an unusual asymmetry in the powder pattern for 
a C -^H  site in \hyrrdne-methyl-dj that was traced to a neighboring exocyclic oxygen 
atom .8 Subsequently, two distinct deuterium sites with differing quadrupole coupling 
constants were found in some of the substituted phenyl acetic acid.9,10 A series of 
molecular orbital calculations for the acetic acid dimer revealed that the deuterium 
quadrupole coupling constant and asym m etry param eter depend on the 
2H-Caip }ia-Caci(t-OH torsion angle.10
Because of the geometry about the carboxylic group in substituted acetic acids, the 
torsion angle defined by conveniently describes the relative
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orientation of the deuteron sites. The torsion angle, 0, can then be used as the independent 
parameter in a Karplus-type relationship of the form e2 q zzQ/h = A + J3cos(0) + 
Ccos(20) .11,12 From the results of molecular orbital calculations of the acetic acid dimer 
(B and C parameters) and the experimental results for (4 -chlorophenyl)[2 ,2 -2H 2 ] acetic 
acid (A parameter), we have obtained preliminary values for A, B, and C, as shown in 
equation 6 .1, for the value of the deuterium quadrupole coupling constant:10
e2qzzQ/h (kHz) = 170.767 -  O.5491cos(0) -  1.7859cos(20) (6.1)
Since these param eters w ill likely depend on factors other than ju s t the 
2H -C fl/p^a-C acj-^-OH torsion angle, the notable secondary effects may be associated 
with the orientation of the aromatic rings bound to the deuterated carbon site,8,13 and will 
be the subject of Chapter seven in this dissertation. Herein we report the results of 
deuterium spectroscopy by adiabatic demagnetization in the laboratory frame (ADLF) for 
five substituted arylacetic acids: (4 -bromophenyl)[2 ,2 -2 H 2 ]acetic acid, 2,2-bis(4- 
chlorophenyl)[2-2H]acetic acid, (2 -naphthyl)[2 ,2 -2H 2]acetic acid, and (2,2-diphenyl)[2- 
2H]acetic acid. Because of the similarity in the orientation of the aromatic ring(s) with 
respect to the methylene deuterons, the data chosen from the first three compounds, 
together with previous results for (4 -chlorophenyl)[2 ,2 -2H2 ]acetic acid, 10 provide support 
for the proposed relationship between the value of the deuterium quadrupole coupling 
constant and the 2H -C fl/p/,a - C acj-^-OH torsion angle in substituted acetic acids. 
Calculated zero-field spectra for a dipolar-coupled deuterium spin pair are also presented; 
transitions unique to coupled deuterons are extremely useful in spectral interpretation.
6.2 E xperim ental
Deuterated substituted acetic acids were prepared by Margo Jackisch in our
laboratory. Substituted arylacetic acids were deuteriated at the alpha-caibon site, and the 
extent of deuteration was followed by integration of the solution *H NMR spectra. A 
complete deuteration of the methylene sites (all sites = C^H^) is defined as 100%. Torsion 
angles were taken from the results of single crystal X-ray diffraction experiments.14,15 
Because of the low scattering factor for hydrogen, the ^H -C a /p^fl-C aci-^-OH torsion 
angle is computed from the ^ p h e n y l ^ a l p h a ^ a c i d ^ ^  torsi°n angle by assuming 
tetrahedral geometry about Calpha-
ADLF spectra were acquired at 77 K by using the level-crossing technique that has 
been described in Chapter two of this dissertation. The important experimental parameters 
conditions were: (1) the zero-field irradiation level typically ranged from 21 to 34 
milliGauss peak for single quantum transitions and 1.9 to 4 Gauss peak for double 
transitions; (2) zero-field irradiation times were between 1.5 and 4 seconds; (3) 
Zeeman-perturbed zero-field spectra were obtained by continuously energizing a Helmholtz 
coil about the zero-field region; 16 (4) high-field polarization times were on the order of the 
proton T j (typically, 60 to 300 seconds) at a magnetic field corresponding to a proton 
Larmor frequency of 15.1 MHz.
In ADLF spectroscopy, dipolar coupling among deuterons17 gives rise to sets of 
transitions having numerous sidebands and a set of absorptions labeled "double 
transitions" .16 Spectral simulations for the highly deuterated samples were calculated by 
using a program kindly supplied by Prof. J. L. Ragle.18 As input, the program requires 
the relative orientation of the deuterium sites and the orientations for the electric field 
gradient tensors. The intemuclear distance used is 1.76 A and is based on an optimized 
geometry for the acetic acid dimer. 18 The electric field gradient orientations were taken 
from molecular orbital calculations for an acetic acid dimer.10 All of the calculated tensor 
orientations were adjusted so as to yield a right-handed coordinate system as required by 
the spectral simulation program.
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6.3 Results and Discussion
In the solid state, the deuteron is held in relatively close proximity to the hydroxyl 
oxygen of the acid group; the nonbonded distance, d(P ...^H ), is 2.37 A for 2,2-bis(4- 
chlorophenyl)[2-^H]acetic acid.15 The carboxylic acid group may have a significant effect 
on the electric field gradient at the deuterium site.
Because two deuterium sites can be studied at once, singly substituted acetic acids are 
preferred over disubstituted acetic acids. However, the spectroscopy of C^H.2 units is 
somewhat complicated by the effect of dipolar coupling between the two deuterons. The 
C2 H2  systems are unique only in that the two deuterons tend to have more nearly similar, 
though not identical, electric field gradients. This leads to deuterium spin states that, in 
zero magnetic field, are nearly degenerate and give rise to a particular form of double 
transitions and fine structure about the deuterium single quantum transitions.
With regard to nomenclature for discussing C^H2  units adjacent to a carboxylic acid 
group, it usually happens that, in the solid-state, one C-^H  site is closer to the hydroxyl 
oxygen than the other C-^H site. Hence, we will use the terms "Distant" and "Near" to 
differentiate between deuterium sites bound to the same carbon atom.
The double transition frequencies and the fine structure of the deuterium single 
quantum transitions can be calculated for the c£H 2  spin system using as input the ^H-^H 
intemuclear distance, the relative orientations of the two electric field gradient tensors, and 
the values of the deuterium quadrupole coupling constants and asymmetry parameters. 
Figure 6.1 shows the calculated single quantum spectra for degenerate and near-degenerate 
spin states. In this figure, the electric field gradient parameters at one deuteron, the 
"Distant" site, are held constant: v_D = 128.5 kHz, v+D = 132.0 kHz. At the "Near" site, 
the quadrupole coupling constant is reduced while the asymmetry parameter is increased so 
as to maintain a fixed 3.5 kHz separation between the v_N and v+N transitions. As can be 
seen in Figure 6.1, the most intense transitions in the spectrum of a C^H2  unit correspond
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closely to the unperturbed v+ and v . transition frequencies only when the deuterium spin 
states are well separated in energy, that is, v+D -  v+N > 3 kHz. Hence, one would expect 
that the most accurate values for the deuterium quadrupole coupling constant and 
asymmetry parameters will be obtained from samples with deuteration levels on the order 
of 50% or less where C^H2  units contribute less than C^H^H units to the total spectrum. 
Finally, the most intense double transition for a C^H2  unit occurs 2.63 kHz less than the 
simple sum of the v+D and v+N transition frequencies; this difference frequency is specific 
for the EFG orientations and spin state energies used in Figure 6.1.
As a practical matter, the easily accessible deuteration levels, on the order of 50-75%, 
yield a superposition of spectra due to the presence of both C^H^H and C^H.2 units. In 
Figure 6.2, the deuterium ADLF spectra of (4 -bromophenyl)[2 ,2 -2H 2 ]acetic acid are 
shown for four different levels o f deuteration. We conclude that, at least for the C^H2  
systems found in substituted acids, the single-quantum deuterium spectra can be interpreted 
in a straightforward manner; hence, no corrections for frequency shifts as a function of 
deuteration have been made for the data listed in Table 6.1.
In deuterium ADLF spectroscopy, Zeeman perturbation has proven to be a 
consistently useful method to identify a transition as either v . or v + . 17d-20-21 Small 
magnetic fields cause the v . transition to shift to lower frequency whereas the v+ transition 
is shifted to higher frequency. Figure 6.3 shows the spectrum of (4-bromophenyl)[2,2- 
2H2 ]acetic acid taken at three different magnetic field strengths while being irradiated with 
the rf  search frequency. The assignments o f the four transitions, as shown in the figure, 
are a direct result of this experiment. The frequency shifts due to Zeeman perturbation, to 
at least 75% deuteration, do not appear to be significantly dependent upon the extent of 
deuteration; similar results were obtained for samples at 50% deuteration. Spectra for (2- 
naphthyl)[2 ,2 -^H 2 ]acetic acid, 2,2-bis(4-chlorophenyl)[2-2 H]acetic acid, and (2,2- 
diphenyl)[2-^H]acetic acid are given in Figures 6.4, 6.5, and 6 .6 , respectively.
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Table 6.1. Quadrupole Coupling Constants, Asymmetry Parameters, and Structural Data 
for Deuterium Bound to Carbon
Parameter C-2H distant3 C-2H near3
(4-Chlorophenyl)[2,2-^H2]aceticacid^
v+,v _ , kHz 132.0(7), 129.0(7) 127.0(7), 125.0(7)
e2qZ2Qlh, kHz 174.0(9) 168.0(9)
V 0.034(16) 0.024(17)
d(0...2H), A 2.70 2.36
0,c deg 89.4 30.6
(4-Bromophenyl)[2,2- H^acetic acid
v+, v_, kHz 132.0(7), 129.0(7) 127.5(7), 125.5(7)
<?qzzQ/h, kHz 174.0(9) 168.7(9)
V 0.034(17) 0.024(17)
d(0...2H), A 2.76(3)d 2.39(2)d
0,deg 91.3 28.7
(2-Naphthyl)[2,2-2H2]acetic acid
v+, v_, kHz 128.5(5), 127.5(10) 126.5(10), 124.5(5)
<?qzzQ!h, kHz 170.7(10) 167.3(10)
V 0.012(12) 0.024(18)
d(0...2H), A 2.66d 2.43d
0,deg 76.7(14) 43.3(14)
2^-Bis(4-chlorophenyl)[2-^H]acetic acid
v+, v_, kHz 127.0(5), 126.0(5)
e2qzzQ/h,kHz 168.7(7)
n 0.012(12)
d(0...2H), A 2.37^
O.deg 18.6
(2,2-Diphenyl) [2-2H]acetic acid
v+, v_, kHz 124.5(5), 123.0(5)
e2qzzQ/h, kHz 165.0(7)
T1 0.02(1)
d(0...2H), A 2.463d
0, deg 48.80(15)
a "Distant" and "near" qualitatively refer to the nonbonded hydroxyl oxygen-deuteron distance, labeled 
d(0...2H). b Deuterium and structure data from ref 10. c The torsion angle. d
Structure data from ref 14. e Structure data from ref 15.
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At this point in the work, accurate transition frequencies have been obtained and 
individual transitions identified as either v_ or v+. The next step is to pairwise combine v_ 
and v+ transitions. The most straightforward method is to observe the v0  transitions; 
additivity rules then dictate the appropriate pairwise combinations. However, in ADLF 
spectroscopy, deuterium v0  transitions are seldom observed because of direct proton spin 
bath heating by the rf  search frequency; time-evolution zero-field NMR spectroscopy 
avoids this problem.22 An alternative to the observation of v0  transitions is the detection of 
double transitions for the C^H.2 unit. In fact, the double transition serves two roles: (1) the 
double transition frequency corresponds to the sum of v+D and v+N, less 1.5 kHz; (2) 
observation of a double transition, shown in Figure 6.7, unambiguously proves that the 
two different deuterium sites must be in close proximity, that is, bound to the same carbon 
atom. Extremely high rf fields may excite intermolecular double transitions between 
adjacent molecules. This effect has been seen for both and isotopes.23 
Nevertheless, for all of the compounds studied herein, there is only one molecule in the 
crystallographic asymmetric unit. In these cases, the observation of either inter- or 
intramolecular double transitions requires that two different deuterium sites be bound to the 
same carbon atom. Therefore, many alternative spectral interpretations for the four-line 
pattern, such as two different crystallographic environments, can be ruled out. The four- 
line pattern shown in Figure 6.2 must be due to two different deuterium sites bound to the 
same carbon atom. The quadrupole coupling constants and asymmetry parameters for (4- 
bromophenyl)[2 ,2 -2H2 ]acetic acid and (2-naphthyl)[2,2-2H2]acetic acid are listed in Table 
6 . 1.
Single crystal X-ray diffraction studies provide ^ R -C aipha-C add~OH  torsion 
angles for each of the two methylene sites in the singly substituted acetic acids. The torsion 
angles are listed in Table 6.1. The individual deuterium quadrupole coupling constants are
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assigned to the two methylene sites by following the trend (described in equation 6 .1) 
already established by the molecular orbital calculations for the acetic acid dimer and also 
by the observations noted above for [9 ,9 -2H2 ]fluorene and 2,2-bis(4-chlorophenyl)[2- 
^H]acetic acid. In summary, the closer a deuteron is to the hydroxyl oxygen site, the 
smaller is the value for the deuterium quadrupole coupling constant.
In Figure 6 .8 , the deuterium quadrupole coupling constants are plotted against 
^H -C a /p/ja -C flCJ-^-OH torsion angle. The traces are Karplus-type relationships for the 
deuterium quadrupole coupling constant. With this expanded data set, both the A and C 
parameters of equation 6.1 can now be fitted. Because there is no data available for 
^H-Ca ^p^a-C aCj^-OH  torsion angles greater than 100°, the B  parameter, obtained from 
molecular orbital calculations of acetic acid dimer, will be retained. Thus, we now have
e2 qzzQ/h (kHz) =170.3(3) -  0.5491cos(6) -  2.6(4)cos(29). (6.2)
There is a correlation between the experimental numbers and the Karplus-type fits for (4- 
chlorophenyl)[2 ,2 -^H2 ]acetic acid, (4-bromophenyl)[2,2-^H 2 ]acetic acid, and 2,2-bis(4- 
chlorophenyl)[2-^H]acetic acid. The values for (2-naphthyl)[2,2 - ^ 2 ]acetic acid are 
reduced relative to the other compounds; this deviation may be due to a difference in the 
orientation of the aromatic rings with respect to the methylene deuterons. This ring effect 
was investigated and is the subject of the next Chapter.
6.4 Conclusions
In substituted acetic acids, deuterons bound to the alpha-carbon atom can have 
differing values for the deuterium quadrupole coupling constant. In spite of dipolar 
coupling between the deuterons, peak maxima in the single quantum ADLF spectra of 
partially-deuterated methylene sites correspond closely to the unperturbed v_ and v+
transition frequencies. The value o f the double transition frequency confirms that two 
different deuterium sites exist at the same carbon site. The values o f the deuterium 
quadrupole coupling constants are correlated with the ^H -C a /p/,fl-C ac/t^ -OH torsion 
angle. To our knowledge, this is the first relationship between the value of the deuterium 
quadrupole coupling constant in a C-^H  bond and any feature of the molecular geometry. 
One goal of this project is to apply the Karplus-type relationship to measure structural 
features in amorphous systems.
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Figure 6.1 Simulated single quantum transitions for a C^H2  unit. The EFG 
orientations are taken from a molecular orbital calculation of the acetic 
acid dimer10 for a conformer with ^ H -C ^ ^Q -C ac /rf-O H  equal to 
±60°. Trace (a) corresponds to both sites having v_ and v+ transition 
frequencies of 128.5 and 132.0 kHz, respectively. In traces (b)-(e), the 
transition frequencies for one site are reduced by the following amounts: 
(b) 1 kHz; (c) 3 kHz; (d) 4 kHz; (e) 10 kHz. Arrows indicate the 
unperturbed transition frequencies.
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Figure 6.2 Single quantum ADLF spectra of (4-bromophenyl)[2 ,2 -2 ^ ] acetic acid 
for four different levels of deuteration. 100% deuteration corresponds 
to all molecules in the sample containing the unit.
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Figure 6.3 Single quantum ADLF spectra of (4-bromophenyl) [2,2 - ^ 2] acetic acid 
for three applied magnetic fields. The deuteration level is 75%.
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Figure 6.4 Single quantum ADLF spectra of (2 -naphthyl)[2 ,2 -^H2 ]acetic acid for 
five applied magnetic fields. The deuteration level is 40-50%.
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Figure 6.5 Single quantum ADLF spectra of 2,2-bis(4-chlorophenyl)[2-^H]acetic 
acid acquired at 77 K and with applied magnetic fields of a) 0.0 Gauss, 
b) 0.5 Gauss, c) 1.0 Gauss. The deuteration level is 80%. The set of 
peaks labeled v + and v_  corresponds to single transitions of the 
deuteron bound to ^alpha ™ methylene group.
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Figure 6 .6  Single quantum ADLF spectra of (2,2-diphenyl) [2-^H] acetic acid for 
four applied magnetic fields. The deuteration level is 40%. Some of 
these spectra were acquired by Dr. William L. Jarrett as a coorperative 
work. All deuteriated samples were prepared by Margo A. Jackisch.
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Figure 6.7 Double transition spectrum for (4 -bromophenyl)[2 ,2 -^H2 ]acetic acid.
The deuteration level is 75%. Trace (a) is the simulated spectrum based 
on the experimental transition frequencies obtained from Figure 6.3 and 
listed in Table 6.1. The EFG orientations are the same as used in Figure 
6.1. The slight frequency error between simulated and experimental 
transitions is ascribed to the relatively coarse 0.5 kHz rf  search 
frequency increment. The arrow indicates the simple sum of the two v+ 
transition frequencies and is 1.5 kHz higher than the experimental 
double transition frequency.
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Figure 6.8  Correlation between the deuterium quadrupole coupling constant and the 
^H-Caj^ ^ - C fla-^-OH torsion angle. The dotted line is obtained from 
equation 6.1, the solid line is from equation 6.2. The compounds are: 
• ,  (4 -chlorophenyl)[2 ,2 -^H2 ]acetic acid; B, (4-bromophenyl) [2,2- 
acetic acid; A, (2 -napthyl)[2 ,2 -^H2 ]acetic acid; ▼, 2,2-bis(4- 
chlorophenyl)[2-^H]acetic acid.
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A bstract
High-resolution solid-state zero-field deuterium spectra have revealed inequivalent 
deuterium sites in a series of monosubstituted aiylacetic acids. The value of the deuterium 
quadrupole coupling constant is dependent upon the local molecular conformation about 
the C-^H  site. In this work, we consider the origin of the effects of the neighboring 
oxygen atoms and the aryl group upon the deuterium quadrupole coupling constants in 
alpha-deuterated arylacetic acids. Ab initio molecular orbital calculations have been 
performed on different conformations of acetic acid and phenylacetic acid in which the 
orientation of the alpha C -^H  bond vector is varied with respect to both the carboxyl 
oxygen atoms and the phenyl ring. The modulation of the deuterium quadrupole coupling 
constant in phenylacetic acid has been traced to: (a) the effective nuclear charge of the 
carbonyl and hydroxyl oxygen sites of the carboxyl group adjacent to the unit, and 
(b) the partially unshielded nuclear charges of the ortho carbon and ortho hydrogen on the 
phenyl ring. The Mulliken atomic charge at the carbon alpha to the carboxylic acid group 
is not useful for predicting the value of the variation of the deuterium quadrupole coupling 
constant at the C-^H  site. Finally, correlation of the calculated deuterium quadrupole 
coupling constant with torsion angles describing the molecular conformation of 
phenylacetic acid is modeled by a modified Karplus-type equation.
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7.1 Introduction
In the high-field solid-state deuterium NMR experiment, observed reductions in the 
apparent deuterium quadrupole coupling constant have been attributed to molecular 
motions that reorient the C-^H bond with respect to the applied magnetic field. However, 
Hiyama et al. found that the deuterium powder pattern for a deuteriated methyl group in 
thy m ine-met hy l-d^  was affected by both a dynamic methyl group rotation factor and a 
nearby heavy atom factor due to an adjacent exocyclic oxygen atom. 1 Other occurrences 
of inequivalent C-^H sites, bound to the same carbon atom, are to be found in succinic 
acid,2 a-glycine ,3 and DL-serine;4 all of these have at least two distinct values for the 
deuterium quadrupole coupling constant and all contain one or more oxygen atoms near a
C%2 unlt-
Recently, we have used a high resolution rf excitation field-cycling NMR technique 
as a method for measuring the deuterium quadrupole coupling constants, and we have 
correlated the results with the torsion angles in polycrystalline samples of model organic 
compounds.5 The Newman projection in Figure 7.1a illustrates the torsion angle for a 
^H -C a /p/J(2-C aCj(^ -OH unit. The NMR technique allows one to distinguish between 
two different deuterium sites with a resolution as high as 0.5 kHz. The experimental 
results show that inequivalent deuterium sites exist in a series of substituted arylacetic 
acids in which the carbon alpha to the carboxylic acid group has been deuteriated.6 In the 
first report o f this series,7 the ^ H -C fl/p/ja - C a c /^-O H  torsion angle, 0 , and the 
deuterium quadrupole coupling constant, e^qzzQlh, for these sites were correlated with a 
Karplus-type relationship.8 In the second report, the technical details of the zero-field 
spectroscopy of the C^H2  unit were analyzed.5 Herein, we report an analysis of the 
origin of the Karplus-type relationship for the deuterium quadrupole coupling constant in 
phenylacetic acid by using molecular orbital calculations. Two aspects of the phenylacetic 
acid molecular conformation that affect the deuterium quadrupole coupling constant will be
I l l
discussed: (a) the effective nuclear charge of oxygen atoms in the carbonyl and hydroxyl 
groups, and (b) the effective nuclear charge of the ortho carbon and ortho hydrogen atoms 
of the phenyl ring adjacent to the unit. The charge variation on the methylene 
carbon due to a homoconjugation effect operative between the phenyl ring and the 
carboxyl group also has been investigated. Finally, the correlation of the calculated 
deuterium quadrupole coupling constant with the torsion angle for describing the 
molecular conformation of phenylacetic acid is modeled by a modified Karplus-type 
equation. The goal of this research project is the development of method for measuring 
torsion angles about selected sites in amorphorus materials, as shown in scheme I.
Scheme I
7.2 T heory
Solid-state deuterium nuclear magnetic resonance (NMR) methods are useful for the 
study of molecular structure,7’9’10 bonding,11 and dynamics. 12 There are two parameters 
that are measured in the solid-state deuterium NMR experiment: the deuterium quadrupole 
coupling constant, e^q zzQ lh, and the asymmetry parameter, 7). The deuterium 
quadrupole coupling constant arises from the interaction between the deuterium nuclear 
electric quadrupole moment, Q, and the electric field gradient at the nuclear site. The 
electric field gradient is a sensitive function of molecular charge distribution in the close 
vicinity of the deuterium nucleus.13 The asymmetry parameter, ranging from zero to one, 
is used to describe the shape of the electric field gradient. In the case of an sp^ hybridized 
C -^H  bond in an organic compound, the major component of the electric field gradient
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tensor is usually closely aligned with the C -^H  bond vector, the charge distribution 
around the deuterium atom is nearly axially symmetric, and we expect the asymmetry 
parameter to have a value close to zero. The electric field gradient, which is described by 
a 3x3 traceless tensor, has the units of esu/cm^, and is the sum of the nuclear and 
electronic contributions,
e Q z 2  '■
rr5
3z/2 - rp- ¥ (7.1)
where K n is the nuclear charge for each nucleus in the molecule, s  is the absolute value 
of the electronic charge, and the index i is over all electrons of the molecule.14 Because 
the electronic contribution is derived only from the wavefunctions of occupied molecular 
orbitals, the calculations of quadrupole coupling constants are simpler than the similar 
calculations of chemical shielding and scalar coupling which often require evaluation of 
terms coupled to excited states.15
A point-charge model derived from the nuclear contribution term in equation 7.1 is 
used to estimate the unshielded nuclear charge contribution to the quadrupole coupling 
constant from the atoms near the C-^H  site. The nuclear contribution of the carboxyl 
oxygens to the electric field gradient at a carbon-bound deuterium site can be estimated by
Aeq^unshielded nuclear) = — -, (7.2)
rCo r0n
I I
where Kc0  and Kon  are the unshielded nuclear charges of the carbonyl and hydroxyl 
oxygen sites, respectively. The distances between the deuterium and the carbonyl and 
hydroxyl oxygens are rco  and rQH, respectively. Because the orientation of eqzz is 
assumed to be collinear with the C -^H  bond vector, then a co and a 0n are the angles 
between the z axis of the principal axis system (the C-^H  bond vector) and the vector
113
along r c o  and r0H, respectively. Because the observed value of the deuterium 
quadrupole coupling constant is perturbed by nearby charges and by the conformation of 
the phenylacetic acid molecules, equation 7.2 represents a new source for detailed 
structural information in the molecule.
In addition to the charge on neighboring oxygen atoms, the charge on the carbon to 
which the deuterium is bound will also affect the value of the deuterium quadrupole 
coupling constant. Since the contribution of electronic charge very close to the deuterium 
site cannot be simply modeled as a point charge, a more elaborate treatment is required. 
We can assume that changes in the charge on carbon reflect the occupancy of higher-lying 
carbon atomic orbitals that is affected rather than the core or low-lying valence orbitals. A 
model that predicts the change in the deuterium quadrupole coupling constant as a function 
of charge on carbon has been developed16 and utilizes an expression similar to the 
following:
where *F2p is a carbon 2p orbital and Aq is the signed change in the occupancy of the 2p 
orbital relative to a reference molecule. In a case where a particular orbital is identified 
with charge variation at carbon, a carbon 2p orbital orthogonal to the C -^H  bond, this 
model predicts a 70.2 kHz reduction in eqzz for each one-electron increase in 2p orbital 
occupancy.16 Herein, we will not attempt to assign the variation of Mulliken-derived 
atomic charges to any particular carbon atomic orbital, but rather we will investigate the 
correlation between the variation of charge on carbon and the deuterium quadrupole 
coupling constant.
7.3 M ethod
7.3.1 The assignm ent o f torsion angles, 0 and $. There are no persistent 
rotational symmetry axes nor mirror planes of symmetry in the phenylacetic acid molecule 
in the solid state. Therefore, the two methylene hydrogens, H(A) and H(B), are not, in 
general, equivalent and will have differing values for their quadrupole coupling constants. 
Two torsion angles, 0 and <)>, are required to describe the molecular conformation, as 
shown in Figure 7.1. The orientation of the carboxyl group with respect to the methylene 
hydrogen site is described by the torsion angle 0(A), H(A)-Ca /p^a -C flCi-^-OH .5>7 In 
this work, the sign of the torsion angles is important so as to distinguish among many 
molecular conformers. The sign of any torsion angle A -B -C -D  is defined as positive if, 
when viewed along the B-C  bond, atom A must be rotated clockwise to eclipse atom D . 17 
The rotation of the phenyl ring with respect to the acid group is described by the torsion 
angle, (j)(A), C^^-^^(A) ^  alpha ^ acid* the C q ^ ^ (A )  is chosen so that
the sign of <|>(A) is positive; thus the range of <(>(A) is from 0° to 180°.
There are two constraints upon these choices of torsion angles. First, specifying 
one methylene site as A and the other B has the effect of introducing unwanted chirality 
into the system. Labeling each site is necessary for reporting the deuterium quadrupole 
coupling constant as a function of a pair of torsion angles, 0  and <J), but this asymmetry 
must be eliminated from the Karplus-type relationship we are seeking. Second, any 
Karplus-type relationship should be usable without prior determination of any aspect of 
the molecular conformation, i.e., the handedness of the molecule in the solid state.
Based on these constraints, the definitions of the two torsion angles for H(B) in each 
conformation are taken from the mirror images as shown in Figure 7.1. The torsion angle 
0(B) is given by H (B)-Caipfia- C acicj~OH. The torsion angle <j)(B) is defined as
c o r th o ^ ~ c ring~c alpha~^add  where c o rth o W  is chosen from the mirror image of 
the molecule so as to give a positive sign for <(>(B). Without application of a mirror plane 
symmetry operation, the torsion angles of the H(B) site are in an opposite sense relative to
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those of H(A) site for the same molecule. But with the mirror operation applied to the 
molecule, the torsion angles for the H(B) site have the same sense as the torsion angles of 
the H(A) site. Thus the deuterium quadrupole coupling constant for both hydrogen sites 
can be described by the two torsion angles in the same equation.
While we use the label "Karplus-type" to describe the connection between the 
deuterium quadrupole coupling constant and the molecular geometry, the situation 
described herein is more complicated than encountered in solution %  NMR spectroscopy, 
as shown schematically below,
There is a single pairwise interaction in II  versus four pairwise interactions in III. The 
notation in Figure 7.1 is complex, but it does offer advantages in the form of sum rules of 
the two torsion angles for the inequivalent H(A) and H(B) sites,
0(A) + 0(B) = 120° (7.4)
<j)(A) + <J»(B) = 180° (7.5)
which are true for both positive and negative torsion angles. Note: the sum rules require 
that we assume a tetrahedral bonding geometry about Ca ipha- There are several 
molecular conformations of the phenylacetic acid for which H(A) and H(B) are related by 
a mirror plane; these orientations correspond to 0(A) = -120°, 60° or 240° and <J)(A) = 0°, 
90°, or 180°.
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7.3.2 M olecular orb ital calculations. All calculated electric field gradients at 
the methyl hydrogen sites in acetic acid and the methylene hydrogen sites in phenylacetic 
acid were obtained from ab initio molecular orbital calculations with the Gaussian 82 
program and the associated properties package18 on an IBM 3090 computer at LSU and a 
Cray X-MP/48 at the Pittsburgh Supercomputer Center. For each structure, the restricted 
Hartree-Fdck procedure was used with a 6-31G basis set19 for all atoms including H. 
The bond lengths and angles in the acetic acid structure are assigned according to the 
literature data.20 For phenylacetic acid, a methyl hydrogen was replaced with a phenyl 
ring of idealized geometry. To cover a variety of molecular conformations, the 
calculations were done with torsion angles ranging from 0 = -120° to 240° and § = 0° to 
180°, in 30° steps for each angle, for a total of 38 unique molecular conformations. In this 
work, the convention of reporting the electric field gradient tensor elements is \eqzz\ > 
\eq-yy\ ^  \eqx x \ .^  The output of the GAUSSIAN 82 property package is eq in atomic 
units (e = +1). The deuterium nuclear electric quadrupole moment, Q, used herein for 
calculating the deuterium quadrupole coupling constant, is 0.00286x10“^  cm2 .22 The 
conversion of the calculated electric field gradient to the nuclear quadrupole coupling 
constant is done by multiplying by a factor o f (-2.34965xl0^^)xQ  kHz/a.u.. No 
corrections for vibrational effects were made to the electric field gradient tensor 
calculations. In the cases where vibrational corrections have been applied, the general 
effect is to reduce the magnitude of the calculated electric field gradient tensor elements 
slightly.2^
Due to the large number o f atoms in the phenylacetic acid molecule, the monomeric 
form is studied with a 6 -3 1G basis set in contrast to the 6 -3 1G** basis set used for the 
previous acetic acid dimer calculations. While the less extensive basis set yields calculated 
values that are less accurate, trends due to changes in the molecular conformation are
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preserved. As shown in Figure 7.2, a comparison of the calculated results for the acetic 
acid monomer with the 6 -3 1G basis set and the dimer with the 6 -3 1G** basis set7 shows 
that the latter have deuterium quadrupole coupling constants closer to the experimental 
values, around 170 kHz, but both sets of calculations show similar changes in the 
deuterium quadrupole coupling constant as a function of the torsion angle 6 .
7.4 Results and Discussion
All of the aliphatic C -^H  sites in acetic acid and phenylacetic acid have similar 
values for the calculated deuterium quadrupole coupling constant and asymmetry 
parameter at the 6 -3 1G basis set level, typically 233 kHz and 0.05, respectively. At the 
6-31G** basis set level, the acetic acid dimer has the values of e^qzzQlh = 217 kHz and 
rj -  0.05 at 0 = 60°.7 In fluoromethane-d3 , with a double zeta basis set but augmented 
with d polarization functions on both carbon and fluorine and p polarization functions at 
the hydrogen, similar to the 6 -3 1G** basis set, the values of e^qzzQ/h -  202 kHz and 
77= 0.109 for the C -^ H  site w ere rep o rte d .2 4  For m e th a n e -d ^ , 
e^qzzQ/h = 200.4 kHz and i] = 0 (as required by symmetry) were found with a basis 
set similar to that used for fluoromethane-dj plus an additional d  polarization function at 
hydrogen.25 For comparison, ADLF spectroscopy at 77 K shows that the two equivalent 
aliphatic C -2H sites in [9 ,9 -2H2 ]fluorene have a deuterium quadrupole coupling constant 
of 173(1) kHz and an asymmetry parameter of 0.02(1).16a
In all C -2H sites studied here, the major axis of the electric field gradient tensor is 
closely aligned along the C-^H  bond vector. The maximum deviation of the z axis from 
the bond vector reported thus far is about 2 ° for one orientation of the methyl group in 
thynane-methyl-d^ .1 In all cases, the sign of the deuterium quadrupole coupling constant 
is positive. Thus, according to equation 7.1, the largest contribution to eqzz comes from 
the carbon nuclear charge. In fact, for a C -2H bond length of 1.079 A, the carbon
nuclear contribution to the deuterium quadrupole coupling constant is +950.6 kHz. The 
electronic contribution from the C-^H  bond orbital, the carbon core and other valence 
orbitals, and, to a much lesser extent, the rest of the molecular orbitals of the molecule, 
must therefore be on the order of -800 kHz.
The molecules studied by ab initio molecular orbital methods, methane, 
fluoromethane, thymine, acetic acid, and phenylacetic acid, have similar, though not 
identical, deuterium quadrupole coupling constants. It is the variation in the deuterium 
quadrupole coupling constant as a function of the conformation of these molecules that is 
important in this study.
7.4.1 Acetic acid. The calculated deuterium quadrupole coupling constant 
components from nuclear and electronic contributions are tabulated in Table 7.1 for the 
methyl group hydrogens of an acetic acid molecule together with the asymmetry 
parameters. The positive nuclear term is always larger than the negative electronic 
contribution. For the total electric field gradient tensor, the orientation of the z axis is 
always closely aligned (within 1°) with the C-^H bond vector. While both the nuclear and 
electronic contribution are a function of the molecular conformation as described by the 
torsion angle 0, it is the nuclear contribution that has the larger range in values by about 3 
kHz. Since the change in total electric field gradient is dominated by the nuclear 
contribution, we postulate that the variation in the deuterium quadrupole coupling constant 
is due to the two partially shielded oxygen nuclei. In Figure 7.3, we illustrate the oxygen 
nuclear contribution to the deuterium quadrupole coupling constant for the C-^H  site by 
placing a + 1.0 e point charge at each oxygen site of the acetic acid molecule and evaluating 
equation 7.2 as a function of 0. The value of the deuterium quadrupole coupling constant 
is most affected when the C-^H site is close to either oxygen nucleus. Because the angle 
Calpha~c a c id - ° H is more acute than * e  angle Caipha- C acid=O, r OH(0=O°) is 
generally smaller than rco (0=18O°). Therefore, the point charge model of equation 7.2 
predicts a larger effect, i.e., a greater variation in the deuterium quadrupole coupling
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constant, for the hydroxyl oxygen site than for the carbonyl site as is shown in Figures 
7.2 and 7.3.
The middle trace in Figure 7.3 shows the sum of the contributions from the two 
point charges; the shape of this curve is very similar to that obtained for the total electric 
field gradient from a calculation of acetic acid at either the 6 -3 1G level (this work) or the 
6 -3 1G** level.7 The middle trace in Figure 7.3 can be fitted to an equation of the general 
form:
e2qzzQlh (calc) = A + ficos(0) + Ccos(20). (7.6)
This equation resembles the Karplus equations used in solution *H NMR spectroscopy.8 
In our studies, the A parameter is essentially the deuterium quadrupole coupling constant 
o f the unperturbed C-^H  site. Based on Figure 7.3, the C parameter is a sum of the 
perturbation due to both hydroxyl and carbonyl oxygen sites. The B parameter reflects 
the difference in the values o f rOH and r c o . Also, if the effective point charges, the
I I
unshielded nuclear charge, K0H and Kco  associated with the oxygen sites differ, then this 
fact will also be incorporated into the B parameter.
7.4.2 Phenylacetic acid. The results for phenylacetic acids at the 6 -3 1G basis 
set level are similar in many respect to the results obtained for acetic acids. The calculated 
deuterium quadrupole coupling constant and asymmetry parameter for phenylacetic acid 
over a full range of unique 0 and <J) are given in Table 7.2. The range in the values of the 
deuterium quadrupole coupling constant for phenylacetic acid is comparable to that for 
acetic acid, 4.9 kHz and 3.5 kHz, respectively. The asymmetry parameter, 77, is always 
near zero, indicating nearly axial symmetry for the C -^H  bond. The z axis for the 
principal axis system of the electric field gradient is closely aligned with the C-^H bond 
vector. The variation in the values of the deuterium quadrupole coupling constant as a
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function of 0  indicates that neighboring oxygen atoms are again a major source of 
perturbation of the electric field gradients at the C-^H sites. That is, for a constant value 
of <(>, the deuterium quadrupole coupling constants are at local minima for molecular 
conformations with 0 of 0° and 180°. We attribute the slight decrease in the values of the 
deuterium quadrupole coupling constants at all molecular conformations of phenylacetic 
acid compared to acetic acid to the partially unshielded nuclear charges of the ortho carbon 
and ortho hydrogen that affect the C -^H  site in a manner similar to the hydroxyl and 
carbonyl oxygen sites, and are modeled with equation 7.2. At closest approach, 
corresponding to <j) = ±  60°, the distance between a deuteron bond to Calpha an(* 311 ortho 
hydrogen is 2.32 A.
The effects of the ortho carbon and ortho hydrogen on the deuterium quadrupole 
coupling constantof the C-^H site of Ca\p}ia are apparent in two different calculations. 
First, a study of the methyl C -^H  sites of toluene showed a variation of 1.5 kHz in the 
deuterium quadrupole coupling constant as a function of methyl group rotation.1 Second, 
for phenylacetic acids with molecular conformation at a constant value of 0 , say 0 °, 
changing the orientation of the phenyl ring, <j) = 0 ° to 180°, modulates the value of the 
deuterium quadrupole coupling constant over a range of 1.2 kHz. This effect of the ortho 
carbon and ortho hydrogen can be modeled with a sin(2<|>) function. The functional form 
of sin(2<|)) was chosen based on the geometry of the possible orientations of the phenyl 
ring with respect to the C-^H site. Because of the plane of symmetry for the aromatic 
ring, a sin(2 <I> + x) or equivalently, cos(jt -  2 (J) -  x) function will describe the effect of the 
through space interaction due to the ortho carbon and hydrogen nuclei upon the deuterium 
quadrupole coupling constant. The form sin(2<J>) was chosen based on the best fit of the 
modified Karplus-type relation (vida infra) to the data given in Table 7.1.
Also noteworthy is that, relative to acetic acid, the Mulliken atomic charge on 
Calpha in phenylacetic acid has a much larger variation with molecular conformation.
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There is a variation in charge on the methylene C-alpha bridging the phenyl ring and the 
acid group as a function of molecular conformation. This is due to an interaction between 
the 7t orbitals of the phenyl ring and those o f the carboxylic acid group, an interaction 
termed homoconjugation (or, for carbocations, the homoallylic interaction) .26 The 
extremes of the Mulliken atomic charge on Calpha differ by 0.11  e. We investigated the 
electronic contribution on the deuterium quadrupole coupling constant from the charge 
buildup at Caipha with equation 7.3. From the previous prediction of a 70.2 kHz 
reduction per unit electric charge for a carbon 2p orbital, 16 we would have expected a 7.8 
kHz variation of the deuterium quadrupole coupling constant based on the carbon atomic 
charge variation. But, as shown in Table 7.2, we found that no correlation exists between 
the the Mulliken atomic charge at Caipha and the variation of the deuterium quadrupole 
coupling constant at the C-^H site. Also, as noted in equation 7.3, any increase in charge 
on carbon will monotonically reduce the value of the deuterium quadrupole coupling 
constant. The Mulliken atomic charge on Calpha1S more negative in acetic acid than in 
phenylacetic acid, this should have concomitantly reduced the deuterium quadrupole 
coupling constant in acetic ac id . The fact that acetic acid has, at the 6 -31G basis set level, 
a larger value of deuterium quadrupole coupling constant indicates to us that there are 
deficiencies at this basis set level in using the Mulliken atomic charge to access the charge 
on carbon.
To review, the value of the deuterium quadrupole coupling constant in a C-^H site 
is determined mainly by the + 6  nuclear charge of the carbon nucleus mitigated by the 
electronic charge of the carbon core and valence electrons and by the C-^H  bonding 
electrons. For phenylacetic acid, the partially unshielded nuclear charges of the hydroxyl 
and carbonyl oxygen sites as well as the ortho carbon and ortho hydrogen nuclei will, 
upon close approach as determined by the molecular conformation, also affect the value of 
the deuterium quadrupole coupling constant. Thus, we are led to a revised Karplus-type
relationship for phenylacetic acid that accounts for each factor modulating the deuterium 
quadrupole coupling constant,
e2qzzQ!h (calc) = A + Bcos(0) + Ccos(20) + Dsin(20) (7.7)
where the A parameter is the unperturbed deuterium quadrupole coupling constant, B 
and C are due to the hydroxyl and carbonyl oxygen sites, and D  is due to the ortho 
carbon and ortho hydrogen sites. The deuterium quadrupole coupling constants given in 
Table 7.2 can be fitted to equation 7.8 to yield
e2q zzQ/h  (calc) = 233.13 -  0.032 cos(0) -  1.71 cos(20) -  0.628 sin(2<».
(7.8)
A contour plot of the deuterium quadrupole coupling constant as a function of the torsion 
angles 0 and 0 is shown in Figure 7.4. The largest difference between any value listed in 
Table 7.2 and that calculated by equation 7.8 is 0.436 kHz. A symmetric molecular 
conformer with the torsion angles 0(A) = 0(B) = 60° and (j)(A) = <|)(B) = 90° is located at 
the center of the plot. Based on the sum rules of equations 7.4 and 7.5, any arbitrary 
conformer with torsion angles 0(A) and 0(A) at the H(A) site will have a companion H(B) 
site located on the contour plot at a point obtained by transforming through this symmetric 
center to give an site with torsion angles 0(B) and 0(B).
7.5 Conclusions
Ab initio molecular orbital calculations were performed on acetic acid and 
phenylacetic acid monomers with different molecular conformations. The major 
contribution to the change in the deuterium quadrupole coupling constants with different 
molecular conformations is due to surrounding atomic nuclei. The origin of the
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Karplus-type relationship for deuterium quadrupole coupling constants in phenylacetic 
acid can be interpreted based on two considerations: (a) the partially unshielded nuclear 
charge of oxygen atoms at carbonyl and hydroxyl sites adjacent to the C-^H  site, (b) the 
partially unshielded nuclear charge of the ortho carbon and ortho hydrogen nuclei on the 
phenyl ring. A functional form is proposed for the use of the deuterium quadrupole 
coupling constant in the determination of molecular conformation about the methylene site 
in phenylacetic acid. Extensions of the function to the structural studies of arylacetic acids 
and to polymeric species as shown in Scheme I  are anticipated
An additional implication from this work is that the structural features may affect the 
value of the deuterium quadrupole coupling constant in a manner that resembles motional 
averaging. This point was first raised by Hiyama, et al., in connection with the study of 
methyl group rotation in thym im -m eth y l-d j . 1 In thyminQ -methyl-ds case, a 
neighboring exocyclic oxygen atom affects the electric field gradient at the C-^H  site. In 
summary, we caution workers studying C-^H sites in systems containing oxygen atoms 
that are close to (inter- or intramolecular) the C-^H site. Based on the present work, it is 
no longer clear that a reduction of the value of the deuterium quadrupole coupling constant 
is strictly associated with molecular motion.
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Table 7.1. Angular Dependence of Calculated Nuclear and Electronic Contributions to the 
Deuterium Quadrupole Coupling Constants and Asymmetry Parameters for 
Acetic Acid.
6 ,deg
A
Nuclear
qzzQ/h, kHza 
Electronic Total n 8 , degb
Mulliken 
Charge, e
0 1022.3 -793.1 232.7 0.043 0.911 -0.529
30 1030.0 -800.0 233.7 0.049 0.815 -0.521
60 1045.5 -813.8 235.5 0.057 0.672 -0.514
90 1055.8 -823.3 236.2 0.060 0.628 -0.521
120 1055.8 -824.0 235.4 0.056 0.625 -0.529
150 1049.7 -819.4 233.9 0.047 0.630 -0.521
180 1046.2 -816.6 233.1 0.040 0.642 -0.514
a Each component, nuclear, electronic, and total, is diagonalized in its own principal axis system. 
Because the orientation of each principal axis system is slightly different, the total deuterium quadrupole 
coupling constant is not exactly the sum of the nuclear and electronic components. ^ Angle between 
the z axis of the principal axis system of the total electric field gradient and the C - H bond vector. For 
the nuclear and electronic electric field gradient tensors, the angles lie within 6° and 7.6°, respectively.
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Table 7.2. Calculated Deuterium Quadrupole Coupling Constants, Asymmetry 
Parameters, and Mulliken Charges on Caipha for Phenylacetic Acid.
Deuterium Sitesa
Site (Al___________   Site (B!____________  Mulliken
0 , deg <)>, deg e2qzzQ/h, kHz 7] 0 , deg <(>, deg e2qzzQ/h, kHz n Charge, e
60 180 234.15 0.054 60 0 234.15 0.054 -0.407
60 150 234.87 0.043 60 30 233.75 0.054 -0.419
60 120 234.74 0.030 60 60 233.87 0.043 -0.438
60 90 234.21 0.030 60 90 234.21 0.030 -0.450
60 60 233.87 0.043 60 120 234.74 0.030 -0.438
60 30 233.75 0.054 60 150 234.87 0.043 -0.419
90 180 234.90 0.058 30 0 232.28 0.046 -0.395
90 150 235.57 0.046 30 30 231.73 0.047 -0.412
90 120 235.46 0.035 30 60 231.92 0.037 -0.435
90 90 234.86 0.036 30 90 232.33 0.023 -0.444
90 60 234.47 0.052 30 120 232.82 0.025 -0.431
90 30 234.43 0.062 30 150 232.96 0.036 -0.407
120 180 233.94 0.060 0 0 231.33 0.046 -0.370
120 150 234.50 0.046 0 30 230.64 0.049 -0.380
120 120 234.39 0.036 0 60 230.71 0.041 -0.410
120 90 233.80 0.040 0 90 231.17 0.026 -0.423
120 60 233.35 0.056 0 120 231.69 0.025 -0.410
120 30 233.37 0.065 0 150 231.89 0.035 -0.384
150 180 232.42 0.053 -30 0 232.27 0.054 -0.348
150 150 232.90 0.041 -30 30 231.60 0.059 -0.360
150 120 232.73 0.031 -30 60 231.60 0.051 -0.386
150 90 232.20 0.035 -30 90 232.08 0.035 -0.400
150 60 231.76 0.051 -30 120 232.61 0.032 -0.385
150 30 231.80 0.059 -30 150 232.80 0.042 -0.355
180 180 231.67 0.043 -60 0 234.01 0.058 -0.349
180 150 232.19 0.032 -60 30 233.36 0.064 -0.365
180 120 232.00 0.022 -60 60 233.39 0.054 -0.396
180 90 231.47 0.025 -60 90 233.90 0.038 -0.410
180 60 231.02 0.040 -60 120 234.51 0.035 -0.399
180 30 230.98 0.047 -60 150 234.62 0.045 -0.364
210 180 232.31 0.044 -90 0 234.72 0.058 -0.386
210 150 232.95 0.033 -90 30 234.14 0.061 -0.396
210 120 232.80 0.022 -90 60 234.20 0.050 -0.426
210 90 232.28 0.021 -90 90 234.67 0.035 -0.443
210 60 231.87 0.035 -90 120 235.31 0.034 -0.439
210 30 231.75 0.045 -90 150 235.45 0.046 -0.410
240 180 233.88 0.055 -120 0 233.88 0.055 -0.416
240 150 234.55 0.041 -120 30 233.38 0.053 -0.433
240 120 234.41 0.029 -120 60 233.46 0.041 -0.450
240 90 233.86 0.027 -120 90 233.86 0.027 -0.462
240 60 233.46 0.041 -120 120 234.41 0.029 -0.450
240 30 233.38 0.053 -120 150 234.55 0.041 -0.433
a Any given trace for the phenylacetic acid in Figure 7.2 can be contracted from this data by 
plotting e^qzzQ/h versus torsion angles 0 for both sites at constant <>.
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Figure 7.1. Newman projections for torsion angles (a) 0,
lo o k in g  dow n th e  Ip  h a ~  ^  a c i d  bond, and (b) (j), 
^'ortho~^'ring~^'alpha~^'acid ' looking down the Cr /Wg -C alpha  bond. 
The horizontal bar in (b) indicates the phenyl ring. A mirror plane is denoted 
by o.
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Figure 7.2. Calculated deuterium quadrupole coupling constants as a function of torsion 
angles 0 at the 6 -31G basis set level, for phenylacetic acid, - ;  for acetic acid 
monomer, •  ; and at the 6 -3 1G** basis set level for acetic acid dimer, A. 
Torsion angle 0 measured from hydroxyl oxygen: ^ H - C ^ ^ - C ^ ^ - O H .
De
ute
riu
m 
Qu
ad
ru
po
le 
Co
up
lin
g 
Co
ns
ta
nt
 /
1 
e, 
kH
z
128
6
4
HO
2 *s
0
■2
•4
6
8
0 60 9030 120 150 180
q,deg
Figure 7.3. The effect on the deuterium quadrupole coupling constant due to partially 
shielded oxygen nuclei. Both the hydroxyl ( -  • - )  and carbonyl (- - -) 
oxygen sites are modeled with a + 1.0  e charge at the respective nuclear 
positions. The sum is shown by the solid trace. The effect on the deuterium 
quadrupole coupling constant is the projection of the electric field gradient from 
the point charge onto the C-^H bond vector.
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Figure 7.4. Contour plot, according to equation 7.8, of calculated deuterium quadrupole 
coupling constants of phenylacetic acid as a function of torsion angles 0  and <() 
as determined from molecular orbital calculations at the 6 -3 1G basis set level.
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CHAPTER EIGHT
Conclusions and Future W ork
The deuterium quadrupole coupling constant, e^qzzQlh, and asymmetry parameter, 
77, in different bonding environments were investigated. Different metal hydrogen 
bonding modes in transition metal hydride complexes have been represented by three 
models of alkali metal hydrides. Ab initio molecular orbital calculation results have shown 
that in terminal metal hydride systems, the metal core electrons effectively shielded the 
deuterium site from the metal nuclear charge. A lower limit for the deuterium quadrupole 
coupling constant in metal hydrides is 20 kHz. Also, the formation of bridging metal 
hydrides reduces the deuterium quadrupole coupling constant relative to the value found for 
terminal metal hydrides. In the case of dihydrogen addition, a rapid reduction of deuterium 
quadrupole coupling constant occurred as the H -H  bond was being broken. For the 
deuterium at methyl group o f acetic acid dimer, the deuterium quadrupole coupling 
constants changed as a function of the torsion angle about the carbon-carbon bond. The 
major source of the change in the deuterium quadrupole coupling constants with different 
molecular conformations is due to the nuclear charge at surrounding atoms. The electric 
field gradient tensors at the methyl hydrogen sites in acetic acid were obtained from ab 
initio molecular orbital calculations with the GAUSSIAN 82 program. Both the calculated 
quadrupole coupling constant and asymmetry parameter are fitted with a Karplus-type 
equation as a function of torsion angle. Adiabatic demagnetization in the laboratory frame 
spectroscopy at 77 K for substituted arylacetic acid showed that it is possible to detect 
inequivalent deuteron sites, on the basis of deuterium double transitions, even though two 
deuterium sites are bound to the same carbon atom. Single-crystal x-ray diffraction has 
been used to obtain the solid-state structure of arylacetic acids. A modified Karplus-type
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relationship has been proposed to correlate the deuterium quadrupole coupling constants of 
substituted arylacetic acids with their solid-state structural features, that is, the torsion 
angles 0 , and <(>, Cortfto-C ring-Caipfia-C aci(i.
To continue this work, the disubstituted arylacetic acid with two rings on the Calpha 
position needs to be further investigated. Although the intermolecular interactions can be a 
source for the low values o f the deuterium quadrupole coupling constant in some 
disubstituted arylacetic acids, the ADLF spectroscopic data of some other systems like 
ketones, aldehydes, or selected polymers in the polycrystalline state will be of great value. 
It is suggested that further investigation should include the effect of crystal packing forces, 
the possible phase changes at low temperature affecting the molecular crystal structure, and 
the intermolecular interactions with nearby molecules.
APPENDICES
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Appendix 1 Program for the Energy Levels at Zero Field and the Transition Frequencies.
% HQ vs asymmetry parameter, according to Poole & Farach 2nd Ed.
% At 2ero field, Eo=-A; E±=(l/2)*A*(l±eta); where A=(l/2)e*2qQ 
clg; clear
eta„axis = 0:0.01:1.0; % in Gauss 
[m,X] = size(eta_axis); 
e = 4.80325e-10; 
ao = 0.52917706e-8; 
h = 6.626176e-27; 
qau = 0.25;
% q = qau/(aoA3);
Q = 2.86e-27;
Factor = eA2*Q/(aoA3);
% QCC = eA2*q*Q/(h* 1000);
QCC = qau*Factor; 
for n = 1:X 
Eo(n) = (-1/2)*QCC;
Eplus(n) = (QCC/4)*(l+eta_axis(n));
Eminus(n) = (QCC/4)*(l-eta_axis(n)); 
end
Vo=(Eplus-Eminus)/( le3*h);
Vp=(Eplus-Eo)/( le3*h);
Vm=(Eminus-Eo)/( 1 e3*h); 
subplot(211 )
plot(eta_axis,Eo,'-',eta_axis,Eplus,'-l,eta_axis,Eminus,'-')
%xlabel('Asymmetry Parameter')
%ylabel('Nuclear Quadrupole Energy Levels in erg’); 
plot(eta_axis,Vo,l-’,eta_axis,Vp,'-',eta_axis,Vm,'-1)
%xlabel('Asymmetry Parameter')
%ylabel('Transition Frequency in kHz');
% in esu/e;
% in cm/au 
% in erg-sec 
% in atomic unit e/aoA3 
% in e/cm3 
% in cm2 
% in erg/au 
% in kHz 
% in erg
% in kHz
Appendix 2 Program for the Energy Levels under Small Zeeman-Perturbation.
% HQ in small Zeeman perturbation, according to Poole & Farach 2nd Ed.
% At zero field, Eo=-A; E±=(l/2)*A*(l±eta);
% HO applied magnetic field from z direction of PAS. 
clg; clear 
eta = 0 .1;
H0_axis = 0:1:250; % in Gauss
[m,X] = size(H0_axis);
e = 4.80325e-10; % inesu/e;
ao = 0.52917715e-8; %incm/au
h = 6.626176e-27; % in erg-sec
BetaN = 5.0505e-24; % nuclear Magneton in erg/Gauss
gN = 0.857387; % deuterium Lande factor
qau = 0.25; % in atomic unit e/aoA3
q = qau/(aoA3); % in e/cm3
Q = 2.86e-27; % in cm2
Eo = zeros(l:X); Eplus = zeros(l:X); Eminus = zeros(l:X);
A = (l/2)*eA2*q*Q/(h* 1000); % in kHz
K = (l/2)*A*eta; 
for n = 1:X 
Eo(n) = -A;
H_Zeeman = -H0_axis(n)*gN*BetaN/(h* 10A3); % in kHz
Dev = sqrt(KA2 + H_ZeemanA2);
Eplus(n) = A/2 + Dev;
Eminus(n) = A/2 - Dev; 
end
plot(H0_axis,Eo,’-’,H0_axis,Eplus,'-',H0_axis,Eminus,’-')
%xlabel('Applied Field in Gauss')
%ylabel('Nuclear Quadrupole Energy levels in kHz');
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Appendix 3 Program for the Transformation of Electric Field Gradient Tensor.
% EFG_tensor
% Program to diagonalize the calc traceless symmetric electric field gradient (efg) tensor 
% from output of GAUSSIAN 82 molecular orbital calculation and print out 
% the deuterium quadrupole coupling constant (QCC), asymmetry parameter (eta), and 
% the angle between the C-D bond vector and the z axis of the efg tensor 
% in principal axis system (PAS).
clear, clg, echo on; % input the Coords of C and D atom sites.
Csite = [0.0 0.0 0.0]';
Hasite = [0.0 0.0 1.079]';
Tstringa = ’ For phenylacetic acid 6-31G basis set level, torsion angle theta=150’;
Eqxxa =-0.497932; Eqyya =-0.699835; Eqzza = 1.197768;
Eqxya =-0.021750; Eqxza =-0.221490; Eqyza =-0.006985; 
echo off %
Mat = [
Eqxx Eqxy Eqxz 
Eqxy Eqyy Eqyz 
Eqxz Eqyz Eqzz];
[Evct, Eval] = eig(Mat); %
[e,m] = sort(abs(diag(Eval))); %
Evals = diag(Eval); %
Evals = Evals(m) %
eta = (Evals(l) -  Evals(2))/Evals(3) %
QCC = -671.9994*Evals(3) %
Evcts = Evct(:,m) %
CHa = Hasite -  Csite;
RCHa = sqrt(CHa'*CHa);
RZpas = sqrt(Evcts(:,3)'*Evcts(:,3));
PCHaZpas = CHa'*Evcts(:,3);
Sigma = (180/pi)*acos(PCHaZpas/(RCHa*RZpas)) % angle between C-D bond and eqzz
No more Input beyond this line;
diagonalize efg tensor to PAS
sort the absolute value of eqxx, eqyy, eqzz in PAS.
Evals is efg tensor components in PAS,
sort in eqxx, eqyy, eqzz order.
eta is asymmetry parameter = (eqxx-eqyy)/eqzz.
print out the deuterium QCC in kHz.
sort the three PAS axes in Xpas, Ypas, Zpas order.
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Appendix 4 Tree Chart for Zero-Field Cycling Program.
Outline o f ADLF:
Dialog for Data Folder 
Name
Dialog for Data H ie Name
Set Zeeman Gauss with 
Digital Voltage Source
Initialize a Zero Array for 
Data
Initialize a Search 
Frequency Array as X-axis 
for Plotting
Loop for Accumulating 
Scan Data & Checking 
Interruption
Write File with Data Array 
and Experimental 
Conditions to Hard Disk
Final Reset, Clear
Loop for Search Frequency, 
Range
Build a Data Table for File 
Save
Next Scan, Check Last 
Search Loop Interruption
Reset Both Signal 
Averagers
Zeroing the Digital-Analog 
Converter
Tune Zero H eld Coil to 
Desired Frequency with 
Capacitor Box
Housekeeping Process for 
Each Frequency
Start the Timing Generator 
Counting
rEoop for Crate Controller" 
to  Check L-sum o f Signal 
Averagers for Service 
^Request
Read in Both Signal 
Avergera Memory, Plot an 
Screen, Integrate Data
Insert Recovered 
Magnetization to a Zero 
Array with Corresponding 
V Jm ium cv Index ^
Add New Data point to 
Data Array, H ot Spectrum 
on Screen
1. Set Crate Controller to 3 
Byte Transfer
Add Frequency Increment, 
Check Final Frequency 
Loop Interruption
fmupTiHTa/—
Vibration Delays at 
Timing Generator, Mask 
T O  from L-sum
3. Set Up Transac Signal 
Averager 1
4. Set Up Transac Signal 
Avenger 2
S. Initial Delay, An 
Internal 120 Ticks Delay 
from Mac
6. Saturate Initial 
Magnetization with Ten 
Pulses
7. Reset Both Signal 
Averagers
8. Enable Crate Controller 
L-sum Service Request
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Appendix 5 Program for Fitting the Calculated QCC into a Karplus-type Equation.
% MatLab Program to Fit the calc QCC of HOAc Dimer into a Karplus-type Equation, 
clear, clg, echo off, format short, Sm = 100;
Mat =■[
0 -0.317941 0.0393
15 -0.318395 0.0406
30 -0.319636 0.0437
45 -0.321324 0.0472
60 -0.322993 0.0502
75 -0.324214 0.0521
90 -0.324723 0.0527
105 -0.324467 0.0515
120 -0.323572 0.0486
. 135 -0.322295 0.0441
150 -0.320984 0.0389
165 -0.320007 0.0343
180 -0.319646 0.0324];
The = Mat(:,l);
QCC = -671.9994*Mat(:,2);
% Calculated e q ^  of HOAc Dimer at 6-31G** level 
% Torsion angle 0  
% Convert eqzz to QCC 
% Asymmetry Parametereta = Mat(:,3);
[m n] = size(The); ThetaR = (pi/180)*The;
Anglel = cos(ThetaR);
Angle2 = cos(2*ThetaR);
Ang3 = zeros(m,3); ThetaQccQfitErr = zeros(m,4);
Ang3(:) = [ones(m,l) Anglel Angle2];
Coeff = Ang3\QCC;
QCCfit = Ang3*Coeff; 
dQCC = QCC-QCCfit;
S2Variance = (dQCC'*dQCC)/mA2 % Sample variance S2
ThetaQccQfitErr = [The QCC QCCfit dQCQ 
TheSm = min(The) :(max(The)-min(The))/(Sm-1 ):max(The); 
ThetaRSm = (pi/180)*TheSm';
Angle ISm = cos(ThetaRSm);
Angle2Sm = cos(2*ThetaRSm);
AngSm = zeros(Sm,3); QCCSm = zeros(Sm.l);
AngSm(:) = [ones(Sm,l) AnglelSm Angle2Sm];
QCCSm = AngSm*Coeff; 
plot(The,QCC,'+',TheSm,QCCSm);
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Appendix 6 Program for Calculating the NQR Transitions of Dipolar Coupled Nuclei.
% DTQR_M
% This MatLab program adapted from Dr. Ragle's program to calculate 
% intensities of allowed and forbidden NQR transitions for a 
% pair of dipolar coupled nuclei, inputs are in following lines, 
echo on, clear, clg, clc, format short,
vml=125.5; vp 1=126.5; % v-/v+ for site 1 in kHz
vm2=129.0; vp2=130.5; % v-/v+ for site 2 in kHz
qccl = (2/3)*(vpl+vml); etal = (2/qcc 1 )* (vp 1 - vm 1); 
qcc2 = (2/3)*(vp2+vm2); eta2 = (2/qcc2)*(vp2-vm2);
% QCCs and etas for sites 1 & 2 
% coordinates of site 1 
% coordinates of site 2
EFG12 = [qccl etal qcc2 eta2],
Rl=[3.389859 1.813886 0.880843]';
R2=[3.389859 1.813886 -0.880843]';
E l=[
-0.93538 -0.18422 0.30186 
0.31889 -0.80837 0.49481 
0.15286 0.55910 0.81489 
]';
F2=[
0.93538 0.18422 0.30186 
0.31889 -0.80837 -0.49481 
0.15286 0.55910-0.81489 
] ’;
echo off, ~—
i= sqrt(-l); h = 6.6261736e-27; 
gammaD = 0.41064e4;
R = R2 - R l; R12 = sqrt(R'*R);
R=R/R12;
S=zeros(l,3); Alpha=zeros(3,3); Beta=zeros(3,3);
H0=zeros(9,9)+i*zeros(9,9);
HD=H0; Hrfxl=H0; Hrfx2=H0; Hrfyl=H0; Hrfy2=H0; Hrfzl=H0; Hrfz2=H0; 
E l = orth(orth(orth(El))); E2 = orth(orth(orth(E2))); m = [2 3 1];
% Xpas/Ypas/Zpas for site 1
% Xpas/Ypas/Zpas for site 2 
% No more inputs beyond this line 
% in erg/Hz
% H-2 gyromagnetic ratio in rad/gauss-sec 
% intemuclear separation in A 
% R as a unit vector from site 1 to site 2
E l =El(:,m ); E2 = E2(:,m);
Alpha = E2'*E1; 
for j = 1:3 
S(j) = E l(:j) '*R ; 
end
forj = 1:3 
for k = 1:3 
if j==k, djk=l;
else djk=0 ; 
end
Beta(j,k) = 1.0*djk - 3.0*S(j)*S(k); 
end 
end
DD = 2.84175/(R12A3);
Beta = Beta.*DD;
Gamma = Alpha*Beta;
H0(3,3) = -(qccl+qcc2)/2;
H0(9,9) = (l-etal)*(qccl/4) - (qcc2/2);
% Rearrange in X, Y, Z order 
% Direct cos for PAS at site 2
% (gammaD *h)A2/rA3 
% Geometry of site 2 rel to z-axis at site 1 
% Dipolar coupling matrix G 
% unperturbed quadrupole energies in kHz 
% Eoxz
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HO(8 ,8) = (l-eta2)*(qcc2/4) - (qccl/2); % Eozx
H0(4,4) = (l+etal)*(qccl/4) - (qcc2/2); % Eoyz
H0(5,5) = (l+eta2)*(qcc2/4) - (qccl/2); % Eozy
H0(1,1) = (l-etal)*(qccl/4) + (l-eta2)*(qcc2/4); % Eoxx
H0(6,6) = (l-etal)*(qccl/4) + (l+eta2)*(qcc2/4); % Eoxy
H0(7,7) = (l+etal)*(qccl/4) + (l-eta2)*(qcc2/4); % Eoyx
H0(2,2) = (l+etal)*(qccl/4) + (l+eta2)*(qcc2/4); % Eoyy
Eo = diag(H0);
Hrfxl (2,5)= 1; Hrfxl(3,4)= 1; Hrfxl(2,4)= 1;
Hrfx2(2,4)= 1; Hrfx2(3,5)= 1; Hrfx2(6,9)= 1;
H rfy l(l,8)= -i; Hrfyl(3,9)= i; Hrfy 1(5,6)= i;
Hrfy2(l,9)= -i; Hrfy2(3,8)= i; Hrfy2(4,7)= i;
H rfzl(l,7)= 1; Hrfz 1(2,6)= 1; Hrfz 1(4,9)= i;
Hrfz2(l,6)= 1; Hrfz2(2,7)= 1; Hrfz2(5,8)= 1;
Hrfxl = Hrfxl + Hrfxl.'; Hrfx2 = Hrfx2 + Hrfx2.';
Hrfyl = Hrfyl + Hrfyl'; Hrfy2 = Hrfy2 + Hrfy2';
Hrfzl = Hrfzl + Hrfzl.'; Hrfz2 = Hrfz2 + Hrfz2.’;
HD(1,2)= Gamma(3,3); HD(1,3) = -Gamma(2,2); HD(1,4) =-i*Gamma(2,3);
HD(1,5) =-i*Gamma(3,2); HD(2,3) = Gamma(l,l); HD(2,8) = Gamma(3,l);
HD(2,9) = Gamma(l ,3); HD(3,6) = i*Gamma(l ,2); HD(3,7) = i*Gamma(2,l);
HD(4,5)= Gamm a(l,l); HD(4,6) = Gamma(l,3); HD(4,8) = i*Gamma(2,l);
HD(5,7) = Gamma(3,l);HD(5,9) = i*Gamma(l,2);HD(6,7)= Gamma(3,3);
HD(6 ,8) =-i*Gamma(3,2); HD(7,9) =-i*Gamma(2,3); HD(8,9) = Gamma(2,2);
HD = HD + HD’; % sum of upper array and its conjugate transpose 
HT = HO + HD - H0(3,3)*eye(9,9); % total Hamiltonian relative to lowest level 
AR = real(HT); AI = imag(HT); % Zero-order Total Hamiltonian, in spinl basis 
[U 3T] = eig(HT);
[Energy ,m] = sort(real(diag(ET)));U = U(:,m); U_conj = U';
Hrfxl = U_conj*Hrfxl*U; H rfyl = U_conj*Hrfyl*U; Hrfzl = U_conj*Hrfzl*U;
Hrfx2 = U_conj *Hrfx2*U; Hrfy2 = U_conj*Hrfy2*U; Hrfz2 = U_conj*Hrfz2*U; 
CHrfxl=conj(Hrfxl).*Hrfxl; CHrfyl=conj(Hrfyl).*Hrfyl; CHrfzl=conj(Hrfzl) *Hrfzl; 
CHrfx2=conj(Hrfx2).*Hrfx2; CHrfy2=conj(Hrfy2) *Hrfy2; CHrfz2=conj(Hrfz2).*Hrfz2; 
Transition = zeros(3A2*(3A2-l)/2:4); m=0; 
forj = 1:8
fo rk  = (j+l):9
Freq(j,k) = Energy(k)-Energy(j);
A xl = conj(Hrfxl(j,k)); Ayl = conj(Hrfyl(j,k)); Azl=conj(HrfzlO'4c));
Ax2 = conj(Hrfx2^,k)); Ay2 = conj(Hrfy2(j,k)); Az2=conj(Hrfz2^,k));
A = CHrfxl(j,k)+CHrfyl(j,k)+CHrfzl(jJk)+CHrfx2(j,k)+CHrfy2(j,k)+CHrfz2(j,k);
B = Ax 1 *(Alpha(l, 1 )*Hrfx2(j,k)+Alpha(2,1 )*Hrfy2(j,k)+Alpha(3,1 )*Hrfz2(j,k));
C = Ayl*(Alpha(l,2)*Hrfx2(j,k)+Alpha(2,2)*Hrfy2(j,k)+Alpha(3,2)*Hrfz2(j,k));
D = Azl*(Alpha(l,3)*Hrfx2(j,k)+Alpha(2,3)*Hrfy2(j,k)+Alpha(3,3)*Hrfz2(j,k));
E = Ax2*(Alpha( 1,1 )*Hrfx 1 (j,k)+Alpha( 1,2)*Hrfy 1 (j,k)+Alpha( 1,3)*Hrfzl (j,k));
F = Ay2*(Alpha(2,2)*Hrfxl(j,k)+Alpha(2,2)*Hrfyl(j,k)+Alpha(2,3)*Hrfzl(j,k));
G = Az2*(Alpha(3,l)*Hrfxl(j,k)+Alpha(3,2)*Hrfyl(j,k)+Alpha(3,3)*Hrfzl(j,k));
In(j,k) = real(A+B+C+D+E+F+G); 
m = m+l;
Transition(m,:) = [j k Freq(j,k) In(j,k)]; 
end
end
echo on % The following 4 columns are for j, k, Transition Freq(j,k) in kHz and Intensity 
Transition
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